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Chapter 1.

General Introduction



1.1. Electronic structures of Molecular Conductors

Molecular conductors (organic conductors or synthetic metals) have
afforded many research topics both in chemistry and physics for the last
40 years. The study originated from the pioneering work by Akamatu,
Inokuchi and Matsunaga in 1954 [1]. The most memorable is the discovery
of superconductivity in a series of quasi-one-dimensional conductors,
TMTSEF salts [2,3], and in a variety of two-dimensional conductors, BEDT-
TTF salts [3]. Following them, some salts of non-symmetric organic
donors such as DMET [4-6] and those of the metal complexes, [Ni(dmit),]
[7] and [Pd(dmit),] [8], have been found to exhibit superconductivity. So
far, various types of metallic systems have been identified. (For the
chemical structures of TMTSF, BEDT-TTF, DMET and [M(dmit),], see
Fig. 1.1) The discovery of superconductivity in an alkaline metal salt of
C,, [9] 1s also striking in this field.

Not only superconductivity but also several peculiar physical proper-
ties such as CDW (charge density wave) and SDW (spin density wave),
which are closely related to their low dimensionality, have been revealed
in molecular conductors. Such exotic features have activated many exper-
imental and theoretical investigations on the electronic structures of these
systems, both from chemical and physical sides. It has been widely
accepted that the dimensionality of the electronic structures plays a key
role in the physical properties of these materials.

In the recent several years, application of sophisticated experimental
techniques at low temperatures, and sometimes under high magnetic fields,

have provided much information about the electronic structures of these



conductors (see Sec. 1.3). This makes it clear that their electronic band
structures can be basically understood within the framework of tight-
binding band model based on the frontier molecular orbital, HOMO (the
highest occupied molecular orbital) or LUMO (the lowest unoccupied
molecular orbital). At the present time, this should be considered as the
most significant characteristic of the electronic structures of the molecular
conductors.

Prior to the direct experimental evidence for the formation of band
structures, the tight-binding band model has been applied to elucidate the
dimensionality of a molecular conductor from the structural viewpoint
mainly by chemists [10,11]. The basis of this approach is that the separation
of the intramolecular energy levels is sufficiently larger than the intermo-
lecular charge transfer energy. The estimation of the intermolecular transfer
integrals is the main part of the investigation in this framework. Usually,
they are obtained as intermolecular overlap integrals multiplied by an
energy factor, where the overlap integrals are calculated on the basis of
the extended Hiickel method [12] and only the nearest neighbor ones are
considered. In this way, even rather involved features of the electronic
properties become describable in terms of the chemical ideas based on
the frontier orbitals and the transfer integrals between them. On the other
hand, in order to improve this framework and to develop a new design of
molecular conductors, it is desired to estimate the intermolecular interac-

tions experimentally.






1.2. Tight-binding Band Model

The most basic theory of metals is the electronic band theory based
on Bloch's theorem. In the theory, the one-electron states are described
by the Bloch wavefunctions, which is delocalized over the crystal and has
the periodicity in accord with that of the lattice. Fourier transformation
of the Bloch function with respect to the lattice periodicity yields local
function localized on each unit cell. This localized function is called
Wannier function. The Bloch function is thus given as the linear combi-
nation of the Wannier functions.

The tight-binding band model is constructed by regarding the molec-
ular orbitals (MOs) in the crystal as the Wannier functions. This means
that the molecular identity still holds in the crystal. Diagonalization of
the one-electron Hamiltonian in the space of the MOs taking account of
the lattice periodicity yields the one-electron energy eigenvalues as func-
tions of the wavevector, k. This is the energy band structure in the
tight-binding framework. This treatment of the electronic state of the
crystal is analogous to the MO theory based on the linear combination of
atomic orbitals. The only difference is the consideration of the lattice
periodicity.

If only one MO on each molecule is taken into the basis set, the
treatment is in a complete analogy to the primitive Hiickel theory of
n-MOs, in which only one 2p orbital is considered for each atom in a
planar aromatic compound. For simplicity, it is assumed that all the MOs
are equivalent in the following. The off-diagonal element of the one-

electron Hamiltonian between the MOs, |a>and | b >,



t,=<alHIb>, (12.1)

is called the transfer integral between | a > and | b >. The role of ¢ 1is
essentially the same as that of the resonance integrals in the primitive
Hiickel MO theory. Similarly, only the nearest-neighbor ones are consid-
ered in the ordinary tight-binding band calculations. The transfer integrals
are usually approximated as the overlap integrals multiplied by an energy

factor, ¢ , that is,

L,=E€ Sa,b, (1.2.2)
where,
Sa,b=<alb>, (1.2.3)

and ¢ is given by the Mulliken approximation,

e<ala>=<alHla>=<blHIb>=¢ <blb>. (1.24)

The second equality comes from the equivalency of the MOs. With MOs
normalized, ¢ agrees with the energy of the MOs.

The extended Hiickel method is the standard way to calculate the
MOs in the molecular conductors. The band calculations start from the
estimation of the overlap integrals between the MOs in the crystal calculated
by the extended Hiickel method. Then, the transfer integrals are obtained

by use of Egs. (1.2.2) and (1.2.4).



Within this framework, the metallic properties of molecular crystals
can be discussed in terms of the chemical intermolecular interactions. In
Chapter 2, the procedure of band calculations starting from a set of transfer

integrals 1s explained.

1.3. Experimental Approach to the Band Structure

Since most electronic properties of a metal are prescribed by the
Fermi surface, the study of the Fermi surface can be compared to the
study of the frontier orbitals, which dominates the chemical properties of
a molecule. The band structure or the Fermi surface of a metallic material
can be studied by various types of experiments.

The electronic specific heat and the static spin susceptibility afford
the estimation of the density of states at the Fermi level. The coefficient
of the T-linear term in specific heat, as well as the temperature independent
Pauli-like susceptibility, is proportional to the density of states.

The transport properties, including the Hall effect, thermoelectric
power and magnetoresistance give information on the band-filling, the
curvatures of band near the Fermi level, or the topology of the Fermi
surface. The electric resistivity, of course, provides significant information
on the band structure. Magnetic resonances (NMR and ESR) and (pho-
to)electron spectroscopy (e.g., XPS, UPS and energy-loss spectroscopy)
are also known to work as useful tools to study the band structure, as well
as some microscopic features.

The de Haas-van Alphen (dHvA) effect and the Shubnikov-de Haas



(SdH) effect, the magneto-quantum oscillations, are the direct probe to
the Fermi surface [13]. These experiments are carried out under high
magnetic field at low temperature. Periodic oscillation of magnetization
(dHvVA) or resistance (SdH) as a function of inverse magnetic field can be
observed in such a condition. This is a result of the cyclotron motion of
carriers along the Fermi surface. The frequency of the oscillation is
proportional to the extremal cross-sectional area of the Fermi surface
viewed along the field direction. From the temperature dependence of
the oscillation amplitude, the cyclotron mass, a kind of effective mass of
the carriers on the Fermi surface, is estimated. These techniques, which
are sometimes called the fermiology, are based completely on the nature
of the Fermi surface. In other words, the information provided by these
measurements comprises purely of the features of the Fermi surface.
These experiments cannot be applied to one-dimensional conductors with-
out closed Fermi surface.

There is a special technique which has been advanced in the field of
molecular conductors: the angle dependent magnetoresistance oscillation
(ADMRO) [14-17]. This phenomenon is unique to the cylindrical Fermi
surface with small warping, which is characteristic of the quasi-two-
dimensional metals such as the BEDT-TTF salts [16,17]. The ADMRO
1s characterized by the periodic oscillation of magnetoresistance as a
function of tan 6, where 0 is the angle between the magnetic field and the
axis normal to the two-dimensional plane. From the period, the Fermi
wavenumber, i.e., the radius of the cylindrical Fermi surface can be derived
[16].

Unlike the magneto-quantum oscillations and the ADMRO, the pre-



viously mentioned experiments may include information on other features
related to phonons, defects, and so on. Sometimes, they may yield contro-
versial results about the band structure. This caused the criticism on the
applicability of the tight-binding band model. However, the situation has
been changed by the observation of the SdH effect in xk-(BEDT-
TTF),[Cu(NCS),] in 1988 [18], for the first time in molecular conductors.
Since then, the SdH or the dHVA experiment has been applied to many
two-dimensional molecular conductors [19]. This advance has greatly
contributed in establishing the validity of the tight-binding model. It is
also noteworthy that the observation of the magneto-quantum oscillations
requires considerably high quality of the sample. Therefore, the appearance
of the oscillations in a variety of molecular conductors indicates the high

quality of the crystals of such molecular conductors.

1.4. Optical Study of the Band Structure

Except for the electron spectroscopy, the experimental methods men-
tioned in the preceding section are related to the ground state properties
or to low-lying states just above the ground state. In contrast to them, the
optical spectroscopy from the infrared to the visible range is the observation
of the excitation of electrons by such photon energies. For this reason,
the optical properties generally reflect the global structure of the band
rather than the local structure near the Fermi surface. Consequently, the
optical spectrum over the infrared to visible regions is insensitive to the

phenomena characterized by a low energy below about 0.05 eV, such as



magnetism and superconductivity. In order to study such phenomena,
experiments in the far-infrared or microwave region are required.

Practically, the study of optical spectra of metals has the following
advantages.

(1) It is very easy to examine the dimensionality and anisotropy by
the optical experiment using polarized light, while it is difficult
to control the direction of current in a small single crystal in the
measurement of transport properties.

(2) The optical properties are not sensitive to internal cracks in the
crystal, while such cracks reduce the accuracy of the results of
the transport measurements.

(3) The optical technique can be applied to a metal with many
defects or a non-metallic material, whereas the methods sensitive
to the Fermi surface cannot yield any information on such kind
of materials.

(4) Materials with any dimensionality can be studied by the optical
spectroscopy.

(5) Neither high magnetic field nor very low temperature is required
in the optical experiments.

The optical transitions of the conduction electrons can be divided
into two categories, intraband transitions and interband transitions. The
intraband transitions have the character of the collective motion of charge
carriers corresponding to the plasma oscillation, which is characteristic of
a metal. The intraband transitions are described by the Drude model of

dielectric function (complex ac dielectric constant),

10



c(w)=¢.-w,’(w*+iwD, (14.1)

where 7w 1s the photon energy, 7 is the relaxation time of the carriers,
and w, is the plasma frequency. The first term includes the constant
contributions from the higher excitations. From the plasma frequency,

the optical effective mass is estimated by the relation,

m*=4nnez/wpz, (14.2)

where n is the number density of the carriers per unit volume. This
nature of the intraband transition has been widely used to estimate the
optical effective mass, the number of the carriers and the relaxation time

of a metal. In view of the relation,

0.= 0T/ 4n=ne’t/ m*, (1.43)

it is clear that the intraband transitions are closely related to the dc con-
ductivity. The integrated intensity of the intraband transitions, as well as
the dc conductivity, is determined by the character of the Fermi surface.
It should be remarked here that the optical effective mass should be
distinguished from the thermal effective mass related to the specific heat
and from the cyclotron mass. These three masses agree with one another
only in the free-electron model. Generally, the three masses take different
values, particularly in a low-dimensional band described by the tight-
binding model; only the orders of magnitudes are in agreement. These

are defined as the averages of the Fermi velocities by different ways of
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integrations [20]. In addition, the optical mass is a tensor; the principal
values can be anisotropic with respect to the direction of light polarization.
And the cyclotron mass is defined for each closed cyclotron orbit. Care
must be taken, in comparing the "effective masses" obtained from different
experiments.

Outstanding examples illustrating the relation of the Fermi surface
and the intraband transitions can be found in recent literature. The one
concerns the metal-insulator transition in (DCNQI),Cu system, where
DCNQI is N,N '-dicyanoquinonediimine [21]. In this system, the intraband
transitions disappear abruptly at the phase transition accompanied by a
drastic change in dimensionality. From this, it follows that the system
changes from a three-dimensional metal into a one-dimensional insulator.
Another one deals with the temperature dependence of the reflectance
spectra of K-(BEDT-TTF),Ag(CN),-H,O [22]. Disappearance of a part of
the Fermi surface at low temperature was recognized as the suppression
of the intraband transitions in this case.

On the other hand, the interband transitions, optical transitions across
the band gaps, reflect the gap structure of the bands. By examining the
fine structures of the spectral shape of interband transitions, the band
structures of inorganic crystals including many semiconductors have been
extensively investigated. However, the situation is somewhat different in
the organic molecular conductors. Because of considerably narrow width
of the conduction band, only a broad peak corresponding to the interband
transitions can be observed in the infrared spectra of the molecular con-
ductors. It seems that the interband transitions afford only coarse features

of the band structure. However, the interband transitions can probe the

12



molecular packing mode in the crystal, which is very useful information
in considering the band formation in view of the tight-binding model.
This characteristic arises from the fact that the interband transitions have
an origin similar to that of the intermolecular excitations of a charge-transfer
complex, which is obvious in the framework of the tight-binding model.
In this model, the origin of the band gaps is attributed to the difference
between the transfer integrals, which are determined by the molecular
packing.

In the determination of the basic optical properties of metals, the
measurement of reflectivity is the most convenient and reliable technique.
The absorption spectroscopy is difficult, because most metallic materials
are not transparent. It is also difficult to measure the thickness of a small
single crystal sample, which results in inaccurate estimation of the optical
constants. On the other hand, the measurement of reflectivity or reflectance
spectra requires only smooth surface of the sample. In this study, polarized
reflectance spectra were measured by use of microspectrophotometers
(spectrophotometers equipped with reflection microscopes and polarizers)
arranged especially for small single crystals of molecular conductors.
Cooling the sample down to low temperature is efficient to resolve different
types of transitions. For this purpose, low temperature measurements

were carried out.

1.5. The Purposes of This Study

This study mainly treats the determination of the band structures and

13



the Fermi surfaces of several two-dimensional conductors based on st-donor
or s-acceptor molecules by use of the intensities of the intraband transitions
obtained from the polarized reflectance spectra. The compounds picked
up in this study possess considerably simple molecular arrangement, at
least approximately. This has made it possible to relate the intraband
transitions to the transfer integrals describing the band structure. The
application of this method, developed in this study, is unique to the
molecular conductors, which is describable by the simple tight-binding
band model. Nevertheless, it is expected to extend the applicability of
the optical spectroscopy in this field.

The obtained results are then compared with those from the other
experiments such as the magneto-quantum oscillations or the ADMRO,
in order to demonstrate the validity of the method. If both results are in
agreement, it can be concluded that the band structure is well described
by the simple tight-binding model over the energy range of about 1 eV,
the highest excitation energy of conduction electrons within the band.
This information cannot be obtained from the other experiments.

The interband transitions play only a secondary role in this study.
In some cases, they are too weak to be treated quantitatively. Moreover,
accurate theoretical calculations of the intensities of the interband transi-
tions are considerably difficult, because they explicitly concern the excited
states of a many-electron system. However, as mentioned in the preceding
section, the interband transitions give useful information on the molecular
arrangement. The interband transition thus helps the determination of the

tight-binding band structures.
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1.6. The Contents of the Present Thesis

In Chapter 2, theory of the optical transitions of the conduction
electrons is treated in the framework of the tight-binding band model.
Chapter 3 summarizes the experimental techniques and the procedures of
analysis of the optical data.

From Chapters 4 to 7, experimental results and discussion of the
electronic band structures and the shape of the Fermi surfaces of several
two-dimensional molecular conductors are given. Chapter 4 is devoted
to the study of the electronic structure of the 6-(BEDT-TTF),I,. Since the
molecular arrangement of this material has approximately high symmetry,
0-(BEDT-TTF),I, is considered to be suitable for the investigation from
different points of view. Thereby, Chapter 4 includes not only the optical
study but also the studies of the magnetic properties, thermoelectric power,
the dHvVA and SdH oscillations, and the ADMRO. Chapter 5 describes
the study of the reflectance spectra of a dimeric BEDT-TTF salt, k-(BEDT-
TTF),I,. Chapters 6 and 7 treat the studies of the reflectance spectra of
two [Ni(dmit),] salts, Me,N[Ni(dmit),], and a-Et,Me,N[Ni(dmit),],, re-
spectively. Chapter 8 deals with the study of reflectance spectra of a
two-dimensional DMET salt, k-(DMET),AuBr,.

Concluding remarks for the present thesis are given in Chapter 9.
Appendices describe some useful properties of the interband transitions

in connection with the symmetry of the molecular arrangement.
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Chapter 2.

Theoretical Aspects of the Optical Transitions

of Conduction Electrons

19



2.1. Introduction

In this chapter, theoretical aspects of the optical transitions of the
conduction electrons are described. The calculations of the tight-binding
band are explained in Sec. 2.2. Section 2.3. deals with the intraband
transitions on the basis of the relaxation time approximation of the Boltz-
mann equation. Finally, a brief treatment of the interband transitions is
given in Sec. 2.4. It is recommended to refer to these descriptions to

understand the analysis of the optical data in the following chapters.

2.2. The Band Structure

In the tight-binding framework, the band structure is calculated from
the set of transfer integrals as follows. Using the second-quantization

expression, the one-electron Hamiltonian is simply expressed as,

H= Y >t md .. 22.1)

LI m,m'

where (I, m) specifies the m 'th MO in the [ 'th unit cell. The summation
is taken over the crystal. The Fourier transform of a', with respect to the

lattice periodicity is given by,

a', =Ny d . exp(ikR,) , 222)
k

where N is the number of the unit cells in the crystal, and R, denotes the

20



position of the [ 'th unit cell. Substitution with this converts Eq. (2.2.1)

nto,

H=N"Y > >t, im explikR,~k'R)ld", , a,, .(223)
mm' k,k' 1,1’

Taking account of the lattice periodicity, we have,

E Lo im expli(k R—k' R,
L1’

= Yexplik—k")-R,1 X t,, ,...explik- (R—R,)]
' -1’

= Yexplik—k")-R.1 D t,, . exp(ik- R,) . (22.4)
I’ l

The summation over [’ results in

Dexplitk—k')-R1=N3bd,,. . (2.2.5)
-

Thus Eq. (2.2.3) is reduced into,

H= 2 E [E ! omim €Xp(k- R) aTm,k a, |

m,m' k l

=Y Dh,0d, a,, (2.2.6)
m, m k

where,

21



h, (ky=Xt, . exp(ik: R). (2.2.7)
l

This is an M x M matrix, M being the number of MOs in the unit cell.
Equation (2.2.6) has been already diagonalized with respect to k. The
major contribution in the summation over ([, m’) in (2.2.6) comes from
the nearest-neighbor sites of the (0,m) one. By diagonalizing &, (k), Eq.
(2.2.7), we obtain the eigenvalues, ¢ M(k) (u=1,2,..M) for each k. That

1S,

H=Y¢ (d a,, . (2.2.8)
wk
with,
a,. =2 U, & a, (2.2.9)

where U, is the element of the unitary matrix to diagonalize &, , (k).
The tight-binding band structure is thus given as ¢, (k). From this, any
electronic properties related to the conduction band can be given in terms
of u (the branch index), k, and transfer integrals, as far as the one-electron

band picture holds.
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2.3. Intraband Transitions [1,2]

In the equilibrium state, the distribution of the electrons in a conduction
band is given by the Fermi distribution function, f (¢, , 7). Application of
an external electric field, E(r, 1), perturbs the distribution into f(r, T) = f

+ g(r, T). The Boltzmann equation for f(r,T) is given as,

df /dt = of /9t + (v —eE/h) - grad, f . 23.1)

Assuming that the relaxation of g(r,T) to 0, as well as f(r,T) to f, is a
single exponent type with the relaxation time, 7, we obtain a differential

equation for g(r,7),

og/ot + v, - grad g+g /t=—eE - v (df,/0¢). (2.32)

Since we concern only the linear response to the field, only the term
linear to E is retained. Suppose that both E and g are periodic in time

and space, i.e.,

E = quw explilg:r—wt)], (2.3.3)
8=8, . expli(g - r-—wit)]. 234)
Then, the solution of Eq. (2.3.2) is given in terms of g

q 0 °

80 K)=—eTE v, (=09 /0de)/[1+1(q v, —1w)]. (2.3.5)
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With this distribution function, any kind of the bulk collective response
to the field can be calculated.

In what follows, the principal value of the conductivity tensor is
calculated. The optical response can be expressed in terms of the complex
conductivity with respect to the electric field of the radiation. The current

density along the principal axis, x, is written in the form,
J =2 (1/8w?) f(— ev). 8 d’k . (2.3.6)

The factor 2 stems from the spin degrees of freedom. Substituting g in

Eq. (2.3.6) with Egs. (2.3.4) and (2.3.5), we obtain

J, ), = (e/4n’) (E, ), frlvk 1? [1+xgv, —iw)]" (- 9f, / dg) d°k .
2.3.7)

Comparing this with the definition of the conductivity, o,

J,,=0@.0)E,, . (2.3.8)

q

we have,

0.(q, w) = (e /47 fr v 1? [1+T(gv, —iw)] ™ (- 9f, / dg,) Ak .
(2.3.9)

This can be reduced into
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a(w) =@ h) [ 1) 2] (=i w) ' dS,  (2.3.10)

FS.
by use of the facts,
w=2nclql»lqv]l, (2.3.11)
—df,/ 0g, =0(¢ — &), (2.3.12)
d’k=(de /lgrad, €, 1)dS, (2.3.13)

where ¢’ is the light velocity in the material, and k,T" « ¢, is assumed.
The integration in Eq. (2.3.10) is taken over the Fermi surface. We
assume here that Tin Eq. (2.3.10) is independent of | k | and @ . Only the

anisotropy of 7is phenomenologically taken account of. Thus we have,

dno(w)=(1/1,-iw)™" (e*/ 4n2h)f[(vF)X2/ lvl] dS. (2.3.14)
E.S.

The assumptions made for 7 is not a trivial one; it should be checked by

experiments in each case. Introduction of the plasma frequency, (w,) , by

(a);)x=(e2/n2h)f [(vp),>/ Ivl] dS , (2.3.15)
F.S.
leads to
dno(w)= (w),/(1/1-iw), (2.3.16)
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or, in terms of the dielectric function,
e (w)-1=@4ni/w)o(w) =- (a)PZ)X [(w*-iw 7). (23.17)

The final expression is equivalent to that of the Drude model. The
intensity of the intraband transitions, a)Pz, 1s thus related to the band
structure near the Fermi surface. That is, the plasma frequency can be
calculated from the band structure, ¢, (k) in Eq. (2.2.8), using Eq. (2.3.15).
Application of Gauss' theorem to Eq. (2.3.15) yields

@)= wh ) u- ds
F.S.

= (e2/ 7>h) f div [(v,). u] f(e ) d’k
=(ez/:m2h2)f(82£ ok f(e,) dk, (2.3.18)

where u_is the unit vector in the x-direction. For a parabolic band given

as
e =— N[k} 2m*_+ ky2/2m*y +kf/2m*Z ], (2.3.19)
Eq. (2.3.18) reduces into a simple form,
(w,), =4mne’lm* (2.3.20)

where

26



n=(1 /4n2)ff0(s ) dk (2.3.21)

is the number density of the electrons.

In the above discussion, the intraband transitions are regarded as the
transverse collective motion of the conduction electrons. Such kind of
treatment is based closely on the theory of random-phase approximation
for the Fermi liquid. However, the assumption for 7 to be independent of
| k1 and w is a subtle problem. If there is a relaxation process important
only at low frequencies, the relation between the optical properties and
the Fermi surface, Eq. (2.3.15), may be modified. This can be detected as
the discrepancy between the band structure deduced from the optical
properties and that concluded from the transport properties. Such a "dy-
namical" effect implies the deviation of the band structure just near the

Fermi surface from the global one over the range of the photon energy.

24. Interband Transitions [3-5]

In the framework of the one-electron band theory, the interband
transitions can be regarded as one-electron excitations, which is in contrast
to the case of the intraband transitions. For such a process, the probability
of the optical transition can be readily obtained. Suppose the Hamiltonian

for the tight-binding model, Eq. (2.2.1),

H= D> >t md o d. s (24.1)

Ll mm
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And the x-component of the electric dipole moment operator is written in

the form,

P=e¢ X (R,).d,,a, 2.42)

L, m

where R, is the position of the m 'th molecular site in the / 'th unit cell.
From the standard first-order perturbation theory with the dipole approx-

imation, the transition probability per unit time interval is obtained as,

w=E2Y <il P 1f><fIP 1i>(@w/2h) 8(hw —he, ), (243)
i, f

where i and f denotes the initial and final states, respectively. The energies

of the initial and final states are ¢ and ¢ , , respectively, and the transition

energy is then, w , = & — € ,. The power loss of light due to the

absorption can be expressed in terms of the transition probability, that is,
p=how. 244
On the other hand, the power loss is related to conductivity as,

p=0.E’V/2, (2.4.5)
where V is the volume of the crystal. Comparison of Eq. (2.4.5) with Eq.
(2.4.4) yields
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o=Q/VE)how . (2.4.6)
Consequently, from Eqgs. (2.4.3) and (2.4.6), we obtain,

ox(a)):(n/Vh)Ewf’i<iIPXIf><fIPin>6(a) - ),
if

24.7)

When the d-function is replaced by a Lorentzian line-shape function with

the width of y, Eq. (2.4.7) is rewritten in the form,

o(@)=Qi/Vh) Y o, <ilP If><fIP1i>0 (oo, +iyo).
i, f
(2.4.8)

The commutator of H and P_ is,

—_ T T i
[H 2 PX] =e E E t lm,l'm’a Im al'm' (Rl,m_R ! ',m')x (Cl Im al'm'_ a'l’m'alm)'

Ll mm'
2.4.9)
The matrix element of [H, P ] is,
<il[H,P]lf>=(g—-€,)<ilP_ If>. (2.4.10)

Using this, Eq. (2.4.8) is converted into,

o(w)=Q2/iVR® Y, <il[H,P]If><fI[H,P]li>
i,f
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(w/wg)/ (0~ +iyw) .
2.4.11)

which is calculable in the framework of the tight-binding model by use of
Eq. (2.4.9). In the actual calculations, the pair of states, (i, f), is specified
by the pair, (u, k) and (u', k), the occupied and vacant one-electron
states, respectively. The matrix element, then, reduces into that between
the one-electron states (u, k) and (u', k) and the summation is taken over
the pairs of the branch indices (u, u') and all k in the first Brillouin zone.
This formulation is based simply on the one-electron picture; highly
excited one-electron states, in which the many-body effect may play an
essential role even in the metallic state, are concerned. As regards the
quantitative features, the result may be modified, even if the band picture
holds for low-lying states. However, it is still useful in elucidating the

basic origin and character of the transition.
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Chapter 3.

Measurement of Polarized Reflectance Spectrum

and Analysis of the Data
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3.1. Measurement of Polarized Reflectance Spectrum

As mentioned in Sec. 1.4., the polarized reflectance spectroscopy is
the most efficient tool to examine the basic optical properties of a metallic
material. The standard experimental configuration used for a single crystal
of conductors is the normal reflectance measurement, where the incident
light is normal to the crystal face. The absolute value of reflectivity can
be determined as a function of the wavenumber and polarization of light
by comparing the intensity of the light reflected from the sample face
with that from a standard mirror.

With regard to the application to the organic m-molecular conductors,
the main difficulty lies in the smallness of their single crystals. The
typical dimension of the most developed crystal face is about 1 x 1 mm*
or less. This problem can be solved by combined use of a microscope
and a spectrophotometer, the microspectrophotometry

A mid-infrared reflection microspectrophotometer made by Dr. H.
Tajima (Univ. of Tokyo), JASCO MIR-300, has been used in this study.
The main experimental techniques for the room temperature and low
temperature measurements of the infrared reflectance spectra have been
established by him, and the details are described in his thesis [1,2]. The
spectrometer is originally equipped with a semiconductor detector of InSb
(1800-5400 cm ") and HgCdTe (720-1800 cm ') by Infrared Associates
Inc. The optical study in Chap. 4. was carried out with this combination.
The performance of the apparatus has been improved by the introduction
of a liquid helium cooled composite Ge bolometer by Infrared Laboratories

Inc. This has extended the spectral to 450-6000 cm ~' and has shown to

34



afford better signal-to-noise ratio over the mid-infrared region, during
this study. The experiments in Chaps. 5-8 were done with this improved
version. For the low temperature measurements, a liquid helium flow
type cryostat, CF 104A by Oxford Instruments Limited, was used.

In the near-infrared and visible regions (4200-25000 cm™), a modified
version of a reflection microspectrophotometer, Olympus MMSP, has
been used. The low temperature measurements in these regions were
carried out by use of a closed cycle helium refrigerator, CTI SPECTRIM.
Since the focal length of the objective lenses in the microscope varies
with wavenumber, the height of the sample has to be adjusted at each
wavenumber. This process has been automated by Dr. T. Ida (Himeji
Institute of Technology). Since the optical system used for the mid-infrared
region contains no lens, the adjustment of sample height is not required
in the mid-infrared measurements.

The alternate measurement of the reflectance signals of a sample
and a standard mirror at each wavenumber is employed in order to minimize
the effects of drifting of the atmosphere (H,O and CO, in air), the source
light intensity and the detector sensitivity. This was done by use of
computer-controlled movable sample stages. The light was chopped,
monochromatized, polarized and then introduced in the microscopes
equipped with half mirrors separating the incident and reflected rays.
The light intensity data were collected by lock-in amplifiers and transferred
to the computers. The reflectivity values were calculated from the ratio
of the sample signal to the mirror signal. As the standard mirror, a silver
mirror is used for the mid-infrared measurement, and a Si plate for the

near-infrared and visible regions.
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In every case in this study, the crystal face on which the spectra
were measured has rather high symmetry; it includes at least one unique
axis. In such a case, the principal directions of reflectance should agree
with the crystal axes, because the reflectivity, as well as the conductivity,
1s a tensor quantity. This was checked in every measurement by comparing
the X-ray photographs with the reflectance results obtained by rotating
the polarizer.

In the low temperature measurements, a single crystal sample was
mounted on a small Si plate placed on the rotating center of a goniometer
head for each cryostat attached on the cold head of the cryostat. The
attachment of the sample and the Si plate was made by Apiezon L grease.
The crystal face was aligned so as to retain the normal incidence of light
at room temperature. The goniometer head was covered with a radiation
shield and a vacuum chamber. Both have windows of KBr (mid-infrared)
or quartz (near-infrared and visible), through which the ray can pass. The
window and the sample face were not kept in parallel, in order to avoid
the light reflected from the window. Evacuation inside the vacuum chamber
should be followed by readjustment of the position of the cryostat. In the
cooling, the temperature of the goniometer head was monitored by
Au(Fe)/Chromel thermocouple.

The alternate measurement was applied also to the low temperature
case. In the mid-infrared apparatus, a movable mirror was installed above
the cryostat to switch the ray focus from the sample in the cryostat to a
standard mirror. The effect of the KBr windows was corrected by measuring
the data for the standard Ag mirror placed in the cryostat instead of a

sample at room temperature. In the near-infrared and visible measurements,
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the position of the cryostat was automatically adjustable. Thereby, the
alternate measurement was done by changing the ray focus from the
sample on the cold head to a Si plate outside by moving the cryostat. The
effect of the quartz windows was also corrected by measuring the room

temperature reflectance of a Si plate or the sample.

3.2. Analysis of the Reflectance Spectrum

In this study, the most important thing is the estimation of the intensity
of the intraband transitions. Since the observed spectra contain other
spectral features such as the interband transitions, it is required to separate
the intraband contribution from the other ones.

A curve-fitting method was applied to extract the intraband contribu-
tions from the reflectance spectra. As the model function, the Drude-Lorentz

model [3] was used. It is written, in terms of the dielectric function, as

e(w)=¢.—w, /[ (0*+iw/ 1) +Efj/[(wj2—a)2)—iyja)] . (32.1)
J

The reflectivity is related to the dielectric function by the equation,

R=[1+lel-V2Tel+Ree) ]/[1+le |+V2TeT+Re(9) ] .(32.2)

The first term in the right-hand side of Eq.(3.2.1), ., stands for the
constant contribution from the higher energy transitions outside the exper-
imental spectral region. The second term, the Drude term, gives the

contribution of the intraband transition. The square of the Drude plasma
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frequency, w,’, is the integrated intensity of the intraband transitions, and
T is the relaxation time of the charge carriers. The summation describes
the contributions of other transitions: the interband transitions, the e-mv
coupling modes. The intensity, position and spectral width of each term
in the summation, are given as f,, @, and y,, respectively. Strictly
speaking, they do not follow the Lorentzian profile. However, it is found
in every case in this study that these contributions are well approximated
as a Lorentzian or as a superposition of a few Lorentzian profiles, at least
at sufficiently low temperature. Thus, this Drude-Lorentz fitting afforded
satisfactory results for the estimation of the intraband plasma frequencies.

As is clear from Eq. (3.2.2), the reflectance spectrum is not the
superposition of different transitions. This makes it difficult to choose
the Lorentzian terms suitable for the curve-fitting. In stead of the reflectance
spectra, the conductivity spectra can be used for the choice. The conduc-
tivity spectra, in which the contributions of different transitions are more
resolved and the superposition of them is visible, were obtained by the
Kramers-Kronig transformation [4] of the reflectance spectra. The use of
conductivity spectra enables us to find out a deviation from the Drude

behavior easily.

3.3. Derivation of Band Structure and Fermi Surface

In Sec. 2.3., a general expression for the intensity of the intraband

transitions is derived. That is,
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@2 =@ nf 1) 2/l ds (3.3.1)
F.S.

In a two-dimensional case, this can be reduced into a very simple form.
Let the xy-plane be the two-dimensional plane. It follows immediately

that (w,”), = 0 because (v,), is zero at any k. The transformations,
dS =lvl dkg, dkg,/1(vp) | = vl dk, dkg, /1(vp) ), (3.3.2)

yield the set of equations,

(@2 =(e*/m*h) 2m/ ) f v, dk, (3.33)
F.S.

(@), = (e*/m*h) 2n/ 2) f 1), dk, (33.4)
F.S.

where z denotes the lattice period along the z-direction. These equations
well describe the anisotropic shape of a two-dimensional Fermi surface
and the anisotropy of the plasma frequency. Since the Fermi velocity
vector is perpendicular to the Fermi surface at each k., the major contribution
comes from the portion of the Fermi surface nearly perpendicular to the
light polarization.

If the band structure is describable only by two independent transfer
integrals, ¢, and ¢,, they can be directly determined form the plasma
frequencies by Egs. (3.3.3) and (3.3.4). In the actual calculations, the
knowledge of the Fermi level is required to settle the Fermi surface. The

Fermi energy can be determined from the band filling. That is, the
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following equation should be satisfied,

FS,=flk. | dk,, i ke, | dky, (3.3.5)

where F'is the band filling expected from the stoichiometry. The integrals
in (3.3.5) stand for the half of the area inside the Fermi surface. By
solving Egs. (3.3.3)-(3.3.5) simultaneously, the three band parameters 7,
t, and Ey can be derived from the three experimental data, w,, ®, and
the stoichiometry. The integrals in Eqgs. (3.3.3)-(3.3.5) were numerically
evaluated in a computational program to find out the optimal values of 7,
t,and E_ , which was developed in this study.

From the band structure and Fermi surface determined as above, the
cross-sectional area of each cyclotron orbit and the extremal values of &
and k; can be readily calculated. These parameters are referred to in the
comparison of the optical results with those of the magneto-quantum
oscillations and the ADMRO. The cyclotron mass was also evaluated

following the definition [5],
m* = (h*/2m) (dS /dE) ; E=E,, (3.3.6)
where S is the corresponding cross-sectional area. For a two-dimensional

system, it is noteworthy that the evaluation of the cyclotron mass is the

same as that of the density of states.
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3.4. A Case Study of the Relation between the Optical Properties

and Fermi Surface

In order to illustrate how the Fermi surface determines the optical
properties and other physical properties, a case study was carried out for
a model of a realistic two-dimensional molecular arrangement shown in
Fig. 3.1. The plasma frequencies, the cross-sectional areas, the cyclotron
masses and the extremal values of the Fermi wavenumbers were calculated
as functions of the transfer integrals, assuming 1/2- or 3/4-filling of the
conduction band. The computational method is outlined in the preceding
section.

In the following, the lattice parameters normalized to unity are used.

The band structure of the model is given by,

E(k, k) =2t cosk +2 (t*+2t 1 'cosk +1'*)"*cos (k /2), (3.4.1)
When t,= ty’, this reduces into

E(k,, ky) =2t cosk + 4 t, cos(k _/2) cos (ky /2). (34.2)

There are the degeneracies between the two branches at the zone boundary
(k, = m or ky =) in Eq. (3.4.2), while it is removed at the ky = line in
Eq. (3.4.1). As 1t =t'= 0 is approached, the system becomes one-
dimensional, while the system remains two-dimensional even atz = 0.

The physical properties were calculated for the 1/2- or 3/4-filled

band of Eq. (3.4.2), as functions of the ratio, 7, /ty or £, /t_, where t, +, =
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1 eV. The results are displayed in Figs. 3.2-3.6. for the 1/2-filled case
and in Figs. 3.7-3.11 for the 3/4-filled case.

In Figs. 3.2 and 3.7, the ratio of the plasma frequencies for the
polarization E || x and E Il y is plotted. The effect of the dimensionality
is obvious. By use of these diagrams, we can determine the ratio of the
transfer integrals from the observed anisotropy of the plasma frequency.
Since the plasma frequency is proportional to x V'V (for the E Il x
polarization) or to y AV (for E |l y), where V is the cell volume, the
plasma frequency should be normalized with respect to these factors
before use.

The absolute values of the transfer integrals in eV units can be
obtained by comparing the observed values of the plasma frequency with

the ones plotted in Figs. 3.3 and 3.8, which are normalized for the lattice

1/2 1/2

parameters and for 7,' > = (z_+1) ''* and are measured in A'/?eV '/?
units. Suppose that 7, +7 =17, eV in our case and that we have the value
of the observed plasma frequency of w,” eV A'’? normalized for the
lattice parameters. Using the diagrams, we can find the value forz +7 =
leV, ™ A'"?eV'"? from the relevant transfer integral ratio. Then, we
obtain 7, = (0, @, ™), because the plasma frequency is proportional to
the square root of the transfer integrals. From the sum and ratio of the
two, the value of each transfer integral can be determined.

The fractional value of the cross-sectional area for each cyclotron
orbit is shown in Figs. 3.4 and 3.9, as a function of the transfer integral
ratio. The topology of the Fermi surface varies with the ratio as schemat-

ically shown in Fig. 3.12, where the notation of the orbits is also shown.

Since the B-orbit has the constant value (1.0 for the 1/2-filled case and
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0.5 for 3/4-filled case), it is omitted in the diagrams. Strictly speaking,
the cyclotron motion around the a-orbit should not be observed for this
band structure. Therefore, the present results should be regarded as those
with considerably small difference between 7, and ty’.

Figures 3.5 and 3.10 show the cyclotron mass for each orbit for 7, +#,
=1 eV. We can obtain the cyclotron mass values in our case, f, +f, = 1,
eV, by dividing those in the diagrams by x y z.. In the 1/2-filled case, the
mass for the B-orbit is about twice as large as that for the a-orbit over a
wide range of the transfer integral ratio.

Figures 3.6 and 3.11 display the radii of the cyclotron orbits. These
values are useful not only in drawing the approximate shape of the Fermi
surface but also in predicting the ADMRO periods.

In order to see the effect of the removal of degeneracy, some quantities
are calculated for the 1/2-filled band of Eq. (3.4.1) as functions of the
relative difference, 2(ty— ty’)/ (ty+ ty’). The values of the transfer integrals,
t,=0.048 eV and 7, + 1 = 0.104 eV are used. Figure 3.13 shows the
plasma frequencies. It is found that the intensity of intraband transitions
for E |l y decreases more rapidly than that for E Il x. The cyclotron
masses are shown in Fig. 3.14, where the magnetic breakdown is assumed
for the B-orbit. Compared with the plasma frequencies, they seem to be

less sensitive to the removal of degeneracy in this model.
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Fig. 3.1. A realistic model of the intermolecular interactions in two-dimensional
molecular conductors. All the molecules are equivalent. Each molecule

is surrounded by six nearest neighbor ones. Solid lines indicates the

unit cell.
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Chapter 4.

Electronic Structure of 6-(BEDT-TTF) I,
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4.1. Introduction

A quasi-two-dimensional (2D) molecular conductor 6-(BEDT-
TTF),I,, where BEDT-TTF is bis(ethylenedithio)tetrathiafulvalene, exhib-
its superconducting transition at 3.6 K under ambient pressure [1], which
is the first discovery of an organic superconductor in Japan (1986). The
arrangement of BEDT-TTF molecules in the donor sheets of this salt
(Fig. 4.1.1) [2] contains no distinct dimerization, but has approximately
high symmetry which affords a considerably simple band structure with a
large 2D free-electron-like Fermi surface [2]. For this reason, this salt
occupies a unique position among the molecular conductors; one-
dimensional stacking or dimerization is the most popular structural motif
in the molecular conductors.

However, the situation becomes somewhat complicated, when the
doubled periodicity stemming from the anion arrangement [3] is taken
account of. First, most crystals are twinned [2-4], which may yield
ambiguity in the experimental study of this salt. Second, the band structure
calculated on the basis of the detailed crystal structure gives complex
topology of the Fermi surface [4]. Therefore, experimental examinations
of the electronic structure of this salt have been desired.

The optical experiment [5] was first applied to the band structure of
this salt (Sec. 4.3). Unlike other metallic BEDT-TTF salts, 6-(BEDT-
TTF),I, exhibited Drude-like spectra even at room temperature. It was
concluded from this that the optical properties of this salt are basically
understandable on the basis of the simple band structure emerging from

the highly symmetric molecular arrangement. Unlike the calculated ones
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Fig. 4.1.1. The arrangement of BEDT-TTF in the conduction layer of 6-(BEDT-TTF),I,.
The solid and broken lines indicate the orthorhombic and monoclinic unit cells,

respectively.
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[2.,4], the shape of the Fermi surface predicted from the optical results is a
simple elliptic one [5]. Following this, the de Haas-van Alphen (dHVA)
oscillations were observed in this salt [6]. A clear saw-tooth-like waveform,
which is characteristic of a nearly ideal 2D system, was directly detected
for the first time [6]. The topology of the Fermi surface deduced from
the dHVA results [6] have supported the prediction by the optical study
[5]. The detailed analysis of the dHvA oscillations [7], which takes
account of the magnetic breakdown effect, have confirmed the geometry
of the Fermi surface (Sec. 4.6).

Another significant finding in this salt is the angle dependent magne-
toresistance oscillation (ADMRO); this phenomenon was found first in
this salt by Kajita el at. [8], though it was found also independently in
B-(BEDT-TTF),IBr, [9,10]. The origin of the ADMRO has been theoret-
ically explained by considering a quasi-2D cylindrical Fermi surface with
small warping [11,12]. However, the interpretation of the ADMRO in
0-(BEDT-TTF),I, in terms of a realistic band structure has not been reported
yet, although the ADMRO is expected to provide valuable information
on the Fermi surface geometry. For this reason, the ADMRO in this salt
is reexamined and interpreted [13] (Sec. 4.7).

In this way, the study of 6-(BEDT-TTF),I, well illustrates how the
band structure of a molecular conductor is explored. It also demonstrates
how the optical study is efficient. The main purpose of this chapter is the
description of these aspects. The optical study is given in Sec. 4.3.
Section 4.4. deals with the magnetic properties in the superconducting
state, as a characterization of the superconductivity. Section 4.5. treats

the thermoelectric power measurement, which provides an aspect from a
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different viewpoint. In Secs. 4.6 and 4.7, the dHvVA results and the
Subnikov-de Haas (SdH) results [14] are described, respectively. In the
latter, the recent finding of an extraordinarily small three-dimensional

Fermi surface [14] is also presented. Finally, the reexamination of the

ADMRO is reported in Sec. 4.8.

4.2. Experimental

The single crystals of 6-(BEDT-TTF),I, used for the optical exper-
iments were provided by Prof. Hayao Kobayashi (Toho Univ.), Prof.
Akiko Kobayashi and Prof. Reizo Kato (Univ. of Tokyo). The crystals
were grown by electrochemical oxidation of BEDT-TTF in a tetrahydrofu-
ran solution containing 95:5 mixture of (n-C,H,), NI, and (n-C,H,),NAul,
as supporting electrolyte around 20 C [15]. The single crystals used in
the other studies (Secs. 4.4-8) were prepared by the author in a similar
way. The content of Au in the crystals was usually so small that this salt
is considered to be essentially the I, salt. In fact, it was found in the
present study that the addition of (n-C,H,),NAul, is not necessary in the
crystal growth. Electrocrystallization without (n-C,H,),NAul, using Pt
plates or wires as the electrodes afforded the single crystals with satisfac-
torily high quality even under air. It took about a weak to obtain the
crystals with a constant current of 1 uA applied. However, it was also
found that the result of the crystallization strongly depends on the cell
used. In most cases, the product was a-(BEDT-TTF),L..

Two nomenclatures of the crystal axes are used: the one is based on

the averaged orthorhombic structure with the space group of Pnma [2],
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and the other is based on the monoclinic structure with the space group of
P2 /c [3,4], which explicitly takes account of the doubled periodicity and
the twinned lattice. The relation between the two [3] is,a_=2¢c_,b_=a,
and ¢_ = b_— c_, where the subscripts, m and o, mean the monoclinic and
orthorhombic lattices, respectively. The 2D plane is the a c_-plane in the
orthorhombic lattice. Since the present study concerns mainly the
orthorhombic structure, the notation based on it is used in Secs. 4.3-4.5,
though Secs. 4.7 and 4.8 are written in terms of the monoclinic notation.
The crystal axes were identified by X-ray diffraction or by reflectance
anisotropy in all the experiments.

Polarized reflectance spectra (Sec. 4.3) were measured on the (010)
crystal face for the light polarizations parallel to the a- and c-axes. These
are the principal directions within the 2D plane. The spectra were measured
by the method described in Sec. 3.1, at 295, 200, 120, 75 and 16 K. The
spectrum for the polarization parallel to the b-axis (perpendicular to the
plane) was also measured at 295 K on the (001) crystal face.

Static magnetization measurements were carried out by use of an
SHE SQUID magnetometer model 905. The correction for the sample
holder was made only when the magnetization of the sample is about as
small as that of the holder.

Thermoelectric power (Sec. 4.5) was measured by Prof. Takehiko
Mori (Tokyo Institute for Technology) in The Institute for Molecular
Science. The measurement was made along the a- and c-axes. The
results are little affected by whether gold foil as the thermal contact is
used or not.

The dHVA measurements (Sec. 4.6) were carried out by Prof. J. S.
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Brooks, Dr. A. G. Swanson (Boston Univ.), Prof. C. C. Agosta (Clark
Univ.), S. T. Hannahs (Massachusetts Institute of Technology) and Dr.
Madoka Tokumoto (Electrotechnical Laboratory) with the assistance by
the staff of the Francis Bitter National Magnet Laboratory at Massachusetts
Institute of Technology [16]. For the measurements, the single crystal
sample was installed in a *He cryostat designed to operate in high field
magnets at the Francis Bitter National Magnet Laboratory. The magneti-
zation of the sample was measured up to about 23 T by Brooks' method
using the small-sample force magnetometer [17]. Transverse magnetore-
sistance was also measured by the standard four-probe method with gold
contacts using a lock-in ac detection.

The SdH and ADMRO experiments were performed by Dr. Haruyoshi
Aoki, Dr. Shinya Uji and Dr. Taichi Terashima (National Research Insitute
for Metals). Electric contacts were made by gold paste. The sample
used showed no superconductivity down to 0.05 K. The residual resistivity
ratio, p(280 K) /p(4.2 K), of the sample amounted to about 1000. The
SdH signals were recorded up to 13.8 T with electric current in the
direction perpendicular to the 2D plane by using the field modulation

technique. The ADMRO was also measured with this current direction.
4.3. Reflectance Spectra
4.3.1. Spectral Features
Figure 4.3.1 shows the polarized reflectance spectra measured at

room temperature. Both the Il @ and I ¢ spectra exhibit Drude-like disper-

sions in the infrared region showing the plasma edge around 4000-6000
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cm ™. In the cases of the BEDT-TTF salts investigated before [18-22],
the shapes of the infrared reflectance spectra were not Drude-like, at least
at room temperature. To our knowledge, 0-(BEDT-TTF) I, is the first
example of the BEDT-TTF salt whose room temperature spectra exhibit
Drude-like infrared dispersion for the two independent light polarizations
within the two-dimensional molecular sheet of BEDT-TTF.

As already mentioned, the reflectance spectra of metallic BEDT-TTF
salts usually show a non-Drude-like infrared dispersion. To elucidate the
origin of these dispersions, a systematic investigation of reflectance spectra
on a series of BEDT-TTF salts has been carried out [18-22]. In these
studies, the probabilities of the optical interband transitions from the
lower filled bands to the upper vacant (or partially filled) bands have
been calculated in the framework of the one-electron band model. In the
cases of the BEDT-TTF salts, these bands are formed from the HOMOs
of BEDT-TTFs. It has been shown that the observed infrared dispersions
are primarily associated with the interband transitions and have relatively
small contribution of the intraband transitions [18-22].

Similar calculations based on the orthorhombic BEDT-TTF lattice
of 6-(BEDT-TTF),L, yield no contribution of the interband transitions.
This is consistent with the rule given in Appendix A.: The BEDT-TTF
layer has glide symmetry along the a-axis and two-fold screw symmetry
along the c-axis, and contains two BEDT-TTFs in the two-dimensional
unit cell. This well explains the absence of dominant contribution of the
interband transitions. The infrared dispersions of 6-(BEDT-TTF) I, are
thus attributed basically to the intraband transitions.

The broad peak near 20 x 10 > cm ™' in the Il ¢ spectrum can be
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assigned to the intramolecular excitation of I,”, which is expected to be
completely polarized in the direction of the long axis of this linear anion.
The Il b reflectance spectrum measured on the (001) crystal face is shown
in the inset of Fig. 4.3.1. The prominent dispersion near 10 x 10 * cm™" is
attributable to the intramolecular excitation of the cation radical of BEDT-
TTF, since the transition moment of this dispersion is almost parallel to
the long axis of the BEDT-TTFs. The excitation energy was evaluated to
be 1.22 eV by the curve-fitting analysis assuming a Lorentz oscillator.
The spectroscopic study on BPDT-TTF (bis(propylenedithio)tetrathiaful-
valene) radical salts also supports this assignment [23]. Incidentally, the
fact that there is no indication of in the Il b spectrum for the presence of a
reflectivity minimum around 5000 cm ™" associated with the plasma edge,
indicates that the delocalization of charge carriers along the b-axis is
strongly interrupted by the layers of the counter anions sandwiched by
the BEDT-TTF molecular sheets.

Figure 4.3.2 shows the reflectance spectra of 0-(BEDT-TTF),I, mea-
sured at several different temperatures. On lowering temperature, the
plasma edge becomes sharper accompanying the increase in reflectivity
in the low wavenumber region.

Although the spectra shown are Drude-like, it is not possible to
reproduce exactly the observed reflectance curves only with the Drude
model. Figure 4.3.3 shows the conductivity spectra in the infrared region
obtained from the Kramers-Kronig analysis of the reflectance data. Small

broad shoulders around 2500 ¢cm ™

, which is indicated by the arrows in
Fig. 4.3.3, appear on the Drude tails. These shoulders seem to be the

ones associated with the interband transitions which used to appear in the
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spectra of the BEDT-TTF salts in the infrared region. If the arrangement
of the BEDT-TTFs is exactly describable by the orthorhombic lattice, the
interband transition should be absent, as mentioned above. The appearance
of the weak interband transitions indicates the slight deviation of the
arrangement from the orthorhombic structure.

According to the X-ray analysis of the crystal structure [3], the real
structure is described by the monoclinic lattice. The glide mirror and the
screw symmetries are no longer hold within the molecular layer of this
monoclinic structure. The unit cell is doubled along the c-axis. Therefore,
the symmetry discussion based on the orthorhombic lattice is an approx-
1mate one; weak interband transitions can be observed. Nevertheless, the
fact that the interband contributions are very small supports that the con-
sideration based on the orthorhombic lattice is a good approximation.

"in the Il @ and Il ¢

The small hump appearing around 1100 cm ~
spectra (Figs. 4.3.1 and 4.3.2) is attributable to the totally-symmetric
vibrational mode of BEDT-TTF coupled with the conduction electrons,
because its position and linewidth agree with the corresponding peak
observed in the spectra of other BEDT-TTF salts [24]. This electron-
molecular-vibration (e-mv) coupling peak arises by borrowing the intensity
of the interband transitions. The appearance of the weak e-mv peak in

the spectra of 6-(BEDT-TTF),I, also supports the presence of the weak

interband transitions in this salt.
4.3.2. Curve-fitting Analysis and Optical Effective Mass

In order to separate the contribution of the intraband transitions and

those of the interband transitions and the intramolecular transitions, the
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curve-fitting method based on the following Drude-Lorentz dielectric func-

tion,

e(w)=¢e.— 0,/ (0*+w/T)+ Efj (0]~ -1y o]

]
(4.3.1)

was used. The first term stands for the dielectric constant stemming from
the higher energy excitations outside the experimental spectral region, the
second term is the Drude term representing the intraband transitions, and
the third term describes the interband transitions (j = 1) and the local
excitation of I, anion (j = 2). The results of the curve-fitting were shown
by the solid curves in Fig. 4.3.2, and the obtained parameters are summarized
in Table 4.3 1, together with the dc conductivity values deduced from this
model. The local excitation of I, near 20000 cm ' is explicitly included
for the analysis of the Il ¢ spectrum at room temperature, but it is not for
the low temperature spectra, which is limited below 4200 cm™'. However,
the local excitation is implicitly included in the first term, € ., because the
contribution of the third term for this excitation is almost constant below

4200 cm™. The reflectivity is related to dielectric function by the equation,

R=[1+lelV2(Iel+Re(e)]/[1+ & I +V2(l el +Re(e)) ].
4.3.2)

In terms of a two-dimensional parabolic band model (a nearly-free-electron
model), the anisotropic effective mass of the carriers can be derived from

the plasma frequency for each polarization. The band model is expressed
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as,

£ =— n2[k212m* +k212m* ] (4.3.3)

where m*  and m*_ are the a- and c-components of the effective mass

tensor. The plasma frequency is given by,

(02).=4mne’m* , x=aand c (4.3.4)

From the plasma frequency data at 16 K, the effective masses are calculated

tobe m* =15m and m* =3.0m,.

Table. 4.3.1. The Drude parameters obtained by the Drude-Lorentz fit of

the reflectance data.

Polarization T/IK ¢, ®,/eV v'/eV o, ™/Sem™'?

Ila 295 355 092 0.16 730
200 349 097 0.087 1440

120 3.62 1.04 0.068 2130

16 342 1.05 0.042 3550

/lc 295 252 0.62 0.12 440
200 5.59” 0.71 0.074 900

120 5.68” 0.72 0.049 1400

75 576" 0.72 0.039 1910

16 598 0.73 0.022 3290

a) The values obtained by extrapolating the Drude conductivity to
zero wavenumber.

b) These values are larger than the room temperature one, because
they involve the contribution of the local excitation of anions.

See Text.
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4.3.3. Tight-binding Band Structure Derived from Optical Data
According to the tight-binding model taking account of HOMOs of
BEDT-TTFs, the energy band of 6-(BEDT-TTF),I, is expressed as,

E(k,k) =2t cos(ck) + 4t cos(ak,/2)cos(ck /2), (43.5)

where the transfer integrals, . and 7, are defined as indicated in Fig.
4.1.1. Because of the high symmetry of the molecular arrangement in the
assumed orthorhombic BEDT-TTF sublattice, the band structure 1s de-
scribed only by three parameters, E_, 7, and 7, where E, is the Fermi
energy. These parameters can be related to the three experimental data,
i.e., the plasma frequencies, (w,), and (w,),, and the number of holes,
N,, which is estimated from the crystal structure and the stoichiometry.

The Fermi energy is determined implicitly by,

N, =(Q2/4x* (4 /a)jkF cos {[E,— 2t cos(ck)] / 4t cos (ck,/2)} dk_,
0
(43.6)

where N, is the number of holes per unit area of the (010) plane (the
conduction plane), and k;_ denotes the maximum value of the c-component
of the Fermi wave vector. The plasma frequencies are related to the

Fermi velocities by,

kFC

Ch 1 ew?), =2 b 1 2] 1, (k) 1 dk. (4.3.7)

—k Fc
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kFa

Ch 1 e, = [2n 1k 1 2] 1, () 1 dk. (4.3.8)
—k

Fa

where k; is the maximum value of the a-component of the Fermi wave
vector, v, and v, denote the a- and c-components of the Fermi velocity,
respectively, and b is the lattice constant perpendicular to the (010) plane.
Note that the unit cell of 0-(BEDT-TTF),I, includes two equivalent con-

duction layers. The Fermi velocity is defined as,
v.=h"'[grad, E(k,k)]; E=E,. (4.3.9)
The parameters, k. and k,_ are related to the Fermi energy by,
E. =2t + 4t cos(ak,, /?2), (4.3.10)
E. =2t _cos(ck,)+ 41 cos(ck. /2), 43.11)

By numerically solving the simultaneous equations, (4.3.6)-(4.3.11), a set
of solution, E, t , t, k., and k. were obtained. The results are shown in
Table 4.3.11. For example, at 16 K, the parameters are £, =0.12 eV, ¢ =
0.080 eV, 7. =0.046 eV, k. =030 A~ and k. =0.42 A~ Figure 434
shows the energy band structure and the Fermi surface calculated by use
of these parameters. This is the first example of BEDT-TTF salt where

the transfer integrals of the tight-binding band model are directly inferred

from the optical data.
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Table 4.3.I1. The tight-binding band parameters estimated from the optical data.

TIK t,/eV t/eV E.leV g/eVYk, ! Ak, /A

200 0.069 0045 0.10 026 030 041
120 0.078 0.043 0.11 028 029 042
16 0.080 0.046 0.12 029 030 042

a) The Fermi energy measured from the top of the conduction band, i.e.,
=2t +41t,-E.

/\
>
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om
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Fig.4.3.5. The shape of the Fermi surface calculated from the crystal structure by means of
the tight-binding approximation. Left: for the orthorhombic lattic [2]. Right: for the

monoclinic lattice [4].
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The band structure and the shape of the Fermi surface thus obtained
are somewhat different from those calculated from the crystal structure
[2,4] (Fig. 4.3.5). In the calculations of the band structure from the
crystal structure, the transfer integrals (¢ 's) are assumed to be proportional
to the overlap integrals (S's) between the HOMOs of BEDT-TTFs. The
present optical study has yielded 7, / . = 1.7, whereas the calculated
ratio of the overlap integrals is S, / S, = 0.66 [2]. This difference, which
is the origin of the difference between the experimental and calculated
band structures, is not negligible. In order to establish the band structure
of 6-(BEDT-TTF),I,, it is desired to study it by further experiments.

It should be also remarked here again that the present results are
based on the orthorhombic average structure. The doubled periodicity
along the c-axis in the monoclinic structure yields the Brillouin zone
folded at the mid point of the I'Z line. This folding results in the closed
pocket area around the new zone boundary. The area of this pocket
amounts to 14 % of that of the first Brillouin zone. Furthermore, the
lowered symmetry gives rise to removal of degeneracy on the new zone
boundary, which is not included in the present band model. The mid-infrared
optical properties are insensitive to the expected small gap structures of
the Fermi surface. Therefore, an experiment sensitive to the detailed
structure of the Fermi surface can afford results slightly different from
the present ones. However, the origin of such difference should be under-
stood in this way. The essential point of the present conclusion is that the

Fermi surface is an elliptic one elongated along the c-direction.
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4.3 4. Temperature Dependence of the Spectra

The temperature dependence of the spectra is caused mainly by the
temperature dependence of the relaxation time, 7, as noticed from Table
4.3.1. From the Fermi velocity values and 7, the mean free path of the

carriers is estimated as,

A=v, T, (4.3.12)
Within the (010) plane, the v, values of about 2 x 107 cm s ', are derived
from the band structure obtained as above. The mean free path within the
(010) plane amounts to about 40 A at 16 K, larger than the lattice constants.
On the other hand, the corresponding values at room temperature are
shorter than 10 A, comparable or smaller than the lattice constants. This
implies the breakdown of the simple picture of metal. Another contradictory
point concerns the dc conductivities deduced from the optical data (Table
4.3.1). The agreement between them and the values obtained directly by
the dc measurement is satisfactory at low temperatures. However, the
agreement becomes remarkably worse as temperature increases; at room
temperature the former are about 400 - 700 S cm™, whereas the latter is
less than 100 S cm ™. This fact suggests the possibility of anomalous
non-Drude dispersion at lower wavenumbers outside the experimentally
accessible region at high temperatures. The extraordinarily short mean
free paths at high temperatures indicates that the carriers are strongly
scattered by some thermally excited modes in the crystal. The physical
picture has not been established for such a situation yet. Nevertheless,

this is expected to be the origin of the anomaly. At low temperatures, the
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concluded electronic structure seems to be free from such complication.

However, it is desired to test it by different experiments.

4.4. Magnetic Properties in the Superconducting State

Temperature dependence of the shielding and Meissner effect and
anisotropy of the magnetization curve are investigated to characterize the
superconductivity in 6-(BEDT-TTF),I,. In the following, the sample
dependence is reported first. Next, the anisotropy of the magnetization

curve is discussed.

44.1. Sample Dependent Superconductivity

The magnetic behavior in the superconducting state is found to vary
from sample to sample. This should be related to the sample dependent
behavior of the resistivity [25,26]. The sample-dependence of magnetiza-
tion was examined after cooling the sample down to 1.8 K in zero field.
After the cooling, a magnetic field up to 10 G was applied along the
b-axis in order to probe the diamagnetism. The samples could be divided
into two groups: Group I exhibited a diamagnetic shielding of 0.3 emu/g
at 10 G and Group II exhibited a very small shielding, 1/1000 of the
value of the Group I. Among the 12 crystals examined, two were found
to be of the Group I.

Figures 4.4.1 and 4.4.2 show the temperature dependence of static
magnetization of the Group I and II samples, respectively. In this mea-

surement, the sample was first cooled down to 1.8 K in zero field, then
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Correction for the background is not made.
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the magnetic field of 10 G was applied, and the diamagnetic shielding
signal was measured on the warming process up to 5 K. Again the
sample was cooled down to 1.8 K in the same field in order to measure
the Meissner signal. As shown in Figs. 2 and 3, the diamagnetism of the
Group I samples was much larger than that of the Group II samples in the
lower temperature. The diamagnetic shielding decreased with increasing
temperature up to about 3.5 K. Above this temperature, the Group I
sample shows a small and constant signal due to the Pauli paramagnetism,
while the magnetization signals of the Group II sample were too small to
distinguish from background noises above 3 K. This behavior is not in
conflict with the reported temperature dependence of the resistivity at
zero field, because the applied field (10 G) slightly exceeds the lower
critical field even at 1.8 K as described below.

On the cooling process in the magnetic field, the Group I sample
exhibited a diamagnetism due to the Meissner effect which gradually
increased on cooling down to 1.8 K. The Meissner signal, which was
defined as the ratio of the Meissner expulsion to the shielding signal, was
about 1 above 3 K, while it reduced with decreasing temperature. It was
found to be about 0.1 at 1.8 K for the Group I sample. The Group II
sample showed a similar Meissner behavior. However, the Meissner
signal was estimate to be 5 times as large as that of the Group I sample at
1.8 K. Since the shielding signal of the Group II sample is remarkably
small for its size, the large Meissner signal never involves large supercon-
ducting volume.

Judging only from the Meissner signal value of about 0.1, the super-

conductivity in 6-(BEDT-TTF),I, seems to be a bulk one. In this case,
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the shielding effect is suppressed by insufficient development of supercur-
rent path loop on the crystal surface as observed in the Group II samples.
Since the penetrating flux tends to be trapped mainly in the defect domain
in the Group II crystal, the Meissner to shielding ratio could be held at
rather larger value (0.5) than that of the Group I sample (0.1). Anyway in
the Group II crystals, the fractional volume of the superconducting part is
significantly suppressed. The reduction of the superconducting volume

can result in the appearance of the residual resistivity [25,26].

4.4.2. Anisotropy of the Lower Critical Field (H )

The anisotropy of magnetization curve of the Group I sample up to
40 or 60 G was investigated at 1.8 K. Figures 4.4.3 and 4.4.4 show the
initial magnetization and the magnetization curves obtained by applying
magnetic field along the crystal axis, b, a and c¢. The b-axis is normal to
the conduction layer, and the a- and c-axes are the in-plane directions.
Strong irreversibility in the magnetization curves found for all the field
directions is attributable to the flux trapping, which is a characteristic
feature of the non-ideal type II superconductor.

The initial magnetization for H Il b was from ten to twenty times as
large as those for the fields along the in-plane directions, H lla and H |I
c¢. The magnetization curve for H Il b has a definite diamagnetic maximum,
whereas the magnetization is approximately constant or gradually decreas-
ing in the high field region for H Il @ and H Il ¢. This difference indicates
that the upper critical field, H_,, has smaller value for H Il b than that for
H |l a or H Il ¢c. This observation agrees with the result of resistivity

measurements [26], in which the values of H_, for H |l b was found to be
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larger than that for an in-plane field by a factor of about 30. Furthermore,
a strong flux trapping may also prevent the field from penetrating into the
sample in the higher field along the ac-plane.

We define H_* as the field where the first deviation from linearity
in the magnetization curve of the shielding signal occurs. In fact, we
required that H_°” should satisfy the following two conditions: i) at H_*”
the diamagnetic signal reduces to the value less than 98% of that extrapolated
linearly from the least square fit of the first 4 or 5 data points, and ii) at
the fields higher than H_** the signals show no recovery to the extrapolated
values. The ambiguity in estimating H_ " was less than + 1 G for H Il b
and £ 0.2 G for H lla and H |l ¢. The H_°* values thus estimated for the
three field directions are compiled in Table I, together with the sizes of
the samples used. At a glance, they do not seem to be very anisotropic;
the deviation from linearity starts at the field of about 2 G for all the
directions. However, they could be underestimated values of the lower
critical field, H_, because of the demagnetization effect. The samples
used in our experiments were rather thin plates, so that the effective field
felt around the sample is much enhanced owing to the demagnetization,
especially for the field normal to the plane. Since the shapes of our
samples were far from ellipsoids, the magnetic field felt near the sample
surface should be inhomogeneous. Thus it is difficult to carry out an
accurate correction for the demagnetization effect. However, we have
carried out a rough estimation by approximating the sample shape as an
ellipsoid touching internally to crystal faces in order to obtain the demag-

netization factors. The enhancement of the effective field is written as
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Hy=H,/(0-D)=fH,, (4.4.1)
where D (0 <D =< 1) is the demagnetization factor and f is the enhancement
factor. The ellipsoid approximation gives an enhancement factor of about
5 for the field normal to the plane, while the factors are near 1 for the
in-plane fields. This estimation is considered to reflect the lower limits of
the enhancement factors. The values of H /s, estimated roughly in this
way, are also listed in Table 4.4.1, together with the enhancement factors
calculated from the demagnetization coefficients for the ellipsoids [11].

Another way to evaluate the anisotropy of H_ is to use the initial
magnetization slope. Without the demagnetization effect, the slopes of
the curves for the three field directions should be equal to each other in
the linear region at low field. Even if there is the demagnetization effect,
we could still obtain the same slopes using H ; instead of H, . We
changed the scale of each field so that the three curves have the same
slope in the linear region. The result is shown in Fig. 4.4.5, where the
demagnetization factor for H Il ¢ is assumed to be equal to that calculated
by the ellipsoid approximation. This method gives the anisotropic H_
values, H, =40 G,H, ,=14G,and H =20 G. Since the field
applied perpendicular to the plane exhibits strong inhomogeneity, the

difference between H , values estimated by the two methods is not

b
surprising. The H_,  value given by the ellipsoid approximation is clearly
underestimated.

Thus, anisotropic H_, values were estimated for this material, which
is compatible with the anisotropy of H_, reported previously. Similar

anisotropic behavior was found in other organic superconductors,
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Table 4.4.1. The lower critical filed, the demagnetization factor and the size of the

sample for each field direction.

Sample Direction Size/mm H,°*/G H,/GY D f H,/G "

#13-5 b 0.16 4.0 17 077 435 40
a 0.74 1.2 1.4 0.15 1.18 1.4
c 1.10 1.8 20 0.08 1.09 20
#2-1 b 0.13 20 I1.1 082 5.56
a 0.94 1.0 1.1 0.09 1.10
c 1.05 1.5 1.6 0.08 1.09

a) The lower critical fields obtained by the ellipsoid approximation.

b) The lower critical fields evaluated by adjusting the initial magnetization slope.
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Fig. 445 Initial magnetization of the Group I sample (#13-5 in Table 4.4.I) at 1.8 K,

plotted versus H ..  For the H //c data (filled squares), H .4 is calculated by the ellipsoid

approximation, while those for the H //a (open circles) and H //b (filled circles) data are
adjusted so that the initial slopes match with that of the H //c curve. Note that the initial

magnetization is about 10 % of that of the perfect diamagnetism (broken lines). The sample

volume was calculated from the density, 2.25 g/ cm 3. and the crystal weight, 0.33 mg.
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(TMTSF),CIO, [28,29], B-(BEDT-TTF),I, [30], B-(BEDT-TTF),IBr,

[31], B-(BEDT-TTF),Aul, [31], and k-(BEDT-TTF),[Cu(NCS)2] [32].
In the framework of the Ginzburg-Landau (GL) theory, H , and H ,

are related to GL parameter, k, and the thermodynamical critical field,

H_, by the equations,

k=(1/2)"? (Ink +0.497) H,/ H,, (4.4.2)

k=(1/2)"* H,/H._. (4.43)

The parameter, K, is defined as

K=A/lE, 444

where A is the penetration depth and & is the coherence length. The
observed anisotropy of H_, as well as of H_,, is probably ascribable to the
anisotropy of &, which is largest in the ac-plane [26]. The estimated H
values are about 40 G for H |l b ( by the initial slope scaling method ) and
from 1.1 to 2 G for the in-plane fields. The ratio, 20 to 36, is consistent
with that of 1/H ,, about 30.

Although the in-plane anisotropy of H_, has not been known, the

anisotropic optical effective mass was estimated as [6],

m* =15m_ andm*, =3.0m_, (44.5)

where m_ denotes the electron mass. It was elucidated that the nearly-
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free-electron model with parabolic dispersion can well reproduce the tight-
binding band structure of this material [6]. Using the former model, we

obtain the ratio,

K /K =v/v,=(m*/ m*c)“2= 0.7, (4.4.6)

where v, and v, are the a- and c-components of the Fermi velocity,
respectively. On the other hand, to the limit of large k, we can calculate

the ratio, k. / K, from Eq.(4.4.2) as,

K./ Kk =(H,), /H,).. (4.4.7)

By use of the H_ values obtained in this work, the ratio, x, / K, is

estimated to be 0.7. This is consistent with the result of Eq.(4.4.6).

4.5. Thermoelectric Power

In Sec. 4.3, the structures of the conduction band and the Fermi
surface of 0-(BEDT-TTF),I, have been derived from the optical properties
by assuming the orthorhombic averaged structure. However, strictly speak-
ing, the assumed structure, and thus the derived band structure, does not
exactly hold for a real crystal of 6-(BEDT-TTF),L,, because the true
structure is the monoclinic one with lowered symmetry of the molecular
arrangement. Since the effect of this difference is small, as noted by the

weakness of the interband transitions, the global shape of the Fermi surface
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derived from the optical data is reliable. In other words, the optical
experiments probe only the global features and are insensitive to local
small structures of the Fermi surface. For more detailed examination of
the electronic structure of this salt, it is necessary to do other experiment
which is sensitive to small structures.

Thermoelectric power (TEP) measurement is one of such tools [33,34].
As well as dc conductivity measurement, it reflects the lowest energy
excitation (< k,7T) around the Fermi level. Moreover, its sign and amplitude,
which may be anisotropic and temperature dependent, reflect the curvature
of the energy band around the Fermi surface. In some cases, TEP infor-
mation has been shown to be useful to investigate the Fermi surface of
BEDT-TTF salts. Thus, it is expected that TEP measurement would
reveal a new feature of the structure of the Fermi surface of 6-(BEDT-
TTF),L,,

Figure 4.5.1 shows the TEP of 6-(BEDT-TTF),I, measured along

which was not detected in the optical study.

the two directions in the conduction plane, a and c¢. For both directions,
TEP is considerably small as compared with other BEDT-TTF salts.
Along the a-axis, TEP is negative and very small; it is almost zero at
room temperature. The TEP makes a broad shoulder and minimum around
50 K and 200 K, respectively. Along the c-axis, TEP is positive, with a
prominent peak at about 20 K, and gradually decreases with increasing
temperature up to about 220 K. These features are qualitatively similar to
those of a series of BEDT-TTF salts, (BEDT-TTF),MHg(SCN), (M=K,
Rb and NH,), except for the considerably suppressed values of TEP and
for the minimum at 220 K along the c-axis. The peak along the c-axis

should be ascribed to the phonon contribution, such as the phonon drug

92



(@)

1 T T i I

0-(BEDT-TTF),l3

o

Ul

O

Thermoelectric Power (uV/K)

l
(@)

0 100 : 200 300

Fig. 4.5.1. Thermoelectric power of 0-(BEDT-TTF),I;. The broken curves stand for the
calculations with the following parameter sets:
(1):1,=0.090¢eV,t,’=0.120eV and . = 0.055 eV.
(2):t,=0.045¢eV,t,’=0.060eV and . =0.030 eV.

For the definition of the transfer integrals, see Fig. 4.5.2.

93



effect, rather than to the electronic band origin. The TEP values are so
small that it is difficult to distinguish exactly the contributions of phonons
and electrons at low temperatures. In the following, the TEP values
above about 100 K are mainly considered.

It possible to simulate the temperature dependence of TEP on the
basis of the tight-binding band structure [33]. According to the Boltzmann

equation [35], TEP (S) of a metal is expressed as

3
Sij = (1 / eT) E (KO_ l)inij (I’J,k =X, y, Z) s (451)
k=1

K, = (T/Am’h) f f o), V), (= 3f,/ 08) (S /v de,  (4.52)

K, ;= (z/4w'h) f f (V) (), (8 — £)(= df,/ de) (dS Ivy) de,
(4.53)

where f is the Fermi distribution function, & is the Fermi energy, and v,
and (v;), are the Fermi velocity and its component, respectively. The
quantities, S, K, and K| are tensors. In the simulations presented here, the
integrals over the Fermi surface were numerically calculated by dividing
the first Brillouin zone into 160 x 160 meshes.

A simulation based on the band structure derived from the optical
study yields positive TEP both for a- and c-axis, which is in contradiction
to the observation. This band structure is derived by assuming the ortho-
rhombic lattice. In this assumed structure, the energy band is described

only by two transfer integrals, 7, and z,. The Fermi surface is determined
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so as to satisfy the requirement of 3/4-filling of this band. The charge
carriers are considered to be holes for this 3/4-filled band. This is the
origin of the positive sign of the simulated TEP.

It is thus evident that the band structure is more complicated one
than assumed previously. The effect of lowered symmetry should be
taken account of. For example, a simple model given in Fig. 4.5.2 can
approximate this feature. In Fig. 4.5.1, the curves calculated from two
parameter sets for this model are depicted. Qualitative agreement with
the observation, i.e., the sign for each direction and the small values, is
obtained. This model can describe the removal of degeneracy on the XM
zone boundary. This affords the positive curvature of the upper band
near the XM boundary, so that this portion of the Fermi surface retains
the electron character (Fig. 4.5.3). The origin of the negative TEP along
the c-axis can be understood in this way.

The curvature of the band near the zone boundary is a subtle problem.
This is because of the cos(ak, / 2) dependence of the band dispersion for
the basic orthorhombic packing, where the curvature is exactly zero at the
boundary. This situation is similar to those in K-(BEDT-TTF),[Cu(NCS),]
[33] and (BEDT-TTF) ,MHg(SCN), [34]. The small values of TEP can
also be understood in this framework, while the considerably wide band
width of this salt also responsible for the suppression of TEP. It is also
noticed that the TEP values are prescribed not only by the amplitudes of
transfer integrals but also by the differences between them. Therefore,
further improvement of the fit between the calculation and observation is
difficult. For instance, the different two parameter sets yields similar

temperature dependence of TEP.
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The present TEP results have revealed that the effect of lowered
symmetry, i.e., the removal of degeneracy, plays a crucial role in the
transport phenomena in 6-(BEDT-TTF),I,. This affords a viewpoint dif-

ferent from that of the optical study.

4.6. The de Haas-van Alphen (dHvA) Oscillations

The first observation of the "saw-tooth" dHvVA oscillation in 6-(BEDT-
TTF),I, has shown that a satisfactory clear 2D electronic system is realized
in this salt [6]. The topology of the Fermi surface (FS) has been deduced
from the interpretation of the dHvA oscillations in terms of the magnetic
breakdown (MB) effect, the effect of tunnelling across the gap at Fermi
surface under high magnetic field [6]. This point is examined in more
detail in this section. Moreover, the dHVA results, including the cyclotron
mass, are compared with the band structure inferred from the optical

study (Sec. 4.3)

4.6.1. Analysis of the dHvA Oscillations and Magnetic Breakdown Effect
Figure 4.6.1 shows the magnetization as a function of magnetic field
at the selected temperatures [16]. The data was recorded for the crystal
other than the one previously reported [6,36-38]. A significant difference
between these two samples is the appearance of the nodes at about 12, 15
and 20 T in the data in Fig. 4.6.1. The Fourier transform of the data

displayed in Fig. 4.6.2. shows that these nodes result from the beat of the
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Fig. 4.6.1. dHvVA oscillations of 0-(BEDT-TTF),I; as a function of field at
selected temperatures. The curves for T=0.89 K and T=1.67 K
are shifted up for clarity. Twinning effect is visible as the nodes

at about 12,15 and 20 T.
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Fig. 4.6.2. Fourier transform of the 0.89 K data in Fig. 4.6.1. The inset is the close-up

around the higher frequencies.
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two close frequency components at f;'=4440 T and f /'=4494 T. The
coexistence of such two fast oscillations, corresponding to approximately
100 % of the first Brillouin zone (BZ), in an exactly single crystal contradicts
to the basic chemical architecture of the salt. As mentioned above,
0-(BEDT-TTF),I, often crystallizes in a twinning form. Therefore, it is
very likely to think of the beat as a result of the twinning in the crystal
examined. If this is the case, the nodes due to this beat should be

observed at the field, H , satisfying,

cos[(f,'~ )/ H1=0, (=0,1,2,.) (4.6.1)

or,

(fﬁu_fﬁ’) / Hn= n+1/2. (n = 0’ 1, 2’) (462)

Corresponding to n = 3 and 4, the fields H = 15.4 and 12.0 T are respectively
obtained, which is consistent with the observation. The oscillation without
such beat was able to be observed for the other crystal [6,36-38] (Fig.
4.6.3). On the other hand, beat behavior may come from small warping
of a single cylindrical FS. The beat having such origin should give nodes

at the field, H' , satisfying,

cos[n(f,~ f)/ H',—w4] =0, n=0,1,2,...) (4.6.1")

or,
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(fy—fs)/H =n+3/4, (n=0,1,2,..) (4.6.2")

where f/ and f," correspond to the minimum and maximum of the cross-
sectional area of the warped FS, respectively. For n=3 and 4, we obtain
H' =144 and 114 T, respectively. These values are appreciably lower
than those observed for 6-(BEDT-TTF) L,. Thus we conclude that the
observed behavior is composed of the contributions from two domains in
different orientations; each domain exhibits the fast and slow oscillations,
f,and f at about 800 T and 4000 T, respectively.

We derive the cyclotron mass values from the data showing twinning
effect (Figs. 4.6.1 and 4.6.2) below, because only they are available for
the analysis of the temperature dependence. The inset of Fig. 3 displays
the Fourier transform of the magnetization data without a remarkable
beat, showing the fast oscillation at f, = 4290 T. Assuming that the field
direction was parallel to the principal axis in this measurement, we can
estimate the inclination of each twinning domain with respect to the field
from the deviation of fi" and f," from f;. The angles between the principal
axes of the domains and the field direction are 15" and 17, corresponding
tof, and f;", respectively. This misorientation may yield at most 6 % of
error in our mass analysis for a cylindrical FS.

In Fig. 4.6.4, the mass-plot, the plot of A / T versus T, is shown,
where A is the amplitude of the Fourier component at each frequency.
From the slope of each plot, the cyclotron masses are evaluated: m; = 3.6
m_ for the fast oscillations, and m_ = 2.0 m_ for the slow oscillation, are

obtained.
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Field dependence of the oscillation amplitude is also analyzed in
terms of the Lifshitz-Kosevich (LK) formula [39]. In the presence of the
magnetic breakdown (MB) effect, the tunnelling probability is approx-

imately expressed as,
P =exp(- H,/H), (4.6.3)

where H, denotes the breakdown field. We consider here the tunnelling
junctions between the closed pocket (o)) and the pair of open portion.
Such a situation modifies the original LK formula for a single orbit. The
results can be expressed as [40],

S,= M,(H) H'" sinh[K(m,/ m)T | H]

x pP* exp[—K(mﬁ/ me)TDﬁ/H], 4.64)
and,

S, =M (H) H" sinh[K(m_/m )T | H]
x (1 - P)* exp[- K(m_ /m )T, / H], (4.6.5)
where K = 21 2meckB le h =147 T / K, M(H) is the amplitude of the
oscillation, and 7}, is the Dingle temperature; the subscripts, o and £,

denote the slow and fast oscillations, respectively. By using m, and my

evaluated as above, T, , TDﬁ and H, can be estimated from the slope of
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log(S) versus 1 / H plots. Figure 4.6.5 shows such a plot of the data
given in Fig. 4.6.3. Too small amplitude of the oscillations below 15 T
prevents us from evaluating the parameters precisely. Nevertheless, the
parameter set 7;,, = 2 K, T},, = 0.8 K, and H; = 15 T seems to reproduce
the data well, as depicted by the solid curves in Fig. 4.6.5. The overall
field dependence is thus explained by the MB effect.

Another evidence for the MB effect is the overall field dependence
of the resistivity [16]. Figure 4.6.6 shows the transverse magnetoresistance
of 6-(BEDT-TTF),I, at 0.7 K for the field perpendicular to the basal
plane. SdH oscillation appears above about 15 T. Superconductivity was
not observed for this sample. The low field behavior is consistent with
that reported in Ref.8. Noteworthy is the maximum around 6 T.

By taking account of the MB effect, the decrease in resistance above
H_ =6 T can be qualitatively explained as follows. In the low field
limit, H « H, where the MB effect is negligible, the resistivity is dominated
by the electron scattering. The resistivity should increase quadratically
until the MB effect becomes appreciable. In the high field limit, the
dominant term in the resistivity can be calculated by means of a path
integral method including the possibility of the magnetic breakdown.

This contribution is written as [40-42],
R=(H/nec)8(1-P)/nP, (4.6.6)
where n is the number density of the carriers. As H — oo, this term takes

the form 1 + H, / 2H, so that the resistivity decreases with increasing

field. Hence, a maximum of resistivity should appear at an intermediate
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Fig. 4.6.6. Transverse magnetoresistance of 0-(BEDT-TTF),l; at 0.7 K. The

field was applied perpendicular to the two-dimensional plane.

A key

Fig. 4.6.7. The Fermi surface topology concluded in this study, together with the notation of
the cyclotron orbits, o and 3. The directions, x and y, corresponds to the b and a

axes in the monoclinic lattice defined in Ref. 3, respectively.
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field, H

max ?

has been found also for (BEDT-TTF),KHg(SCN), [43], which has FS

which depends on Hy and the scattering time. Such behavior

topology similar to that of 0-(BEDT-TTF)_L,. According to the semiclas-
sical model assuming a field independent scattering time, H___lies between
H,/3 and H,/ 10 [41]. The present results, H,=15Tand H_ = 6T, can

be qualitatively explained by this scheme.

4.6.2. Fermi Surface and Band Structure

The intermolecular transfer interactions in the donor sheets of
0-(BEDT-TTF),I, can be categorized into two groups; there are three
face-to-face ones and four face-to-side ones [4]. The difference within
each group is related to the structural modulation on the uniform packing
of BEDT-TTFs arising from I,” ion arrangement. Since this modulation
is expected to be small, we first consider only two types of transfer
integrals, 7, and £, , standing for the two groups in describing the band

structure. (On the basis of the notation in Sec. 4.3, 7, . and 7, correspond

£-f
to 7, and 7, respectively.) This simplification enables us to treat the
Fermi surface geometry and other physical properties exactly. In this
picture, the open and closed portions of FS stick together at the MB
junctions. The geometry of the FS is determined only by the ratio of the
transfer integrals, 7,/ f, .

On the basis of such approximation, the infrared reflectance spectra
of this salt were first analyzed and the band structure was deduced [5]
(Sec. 4.3). The ratio of the transfer integrals, 7./ ¢, , found to reproduce

the optical results, is 0.59 [5]. From the reported band parameters [5], the

cyclotron mass corresponding to the orbit on each portion of FS can be
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calculated by use of the following equations,

m = (h*/2m) (0A, | ¢); e=¢, (4.6.7)

and,

(0A,/ 0e) =S§,, pl&); €=¢, (4.6.8)

where m, and A _are the mass and cross sectional areas for the cyclotron
orbit ¢, S, the area of the first BZ, and p (&) density of states per 2D unit
cell per spin for the portion of FS corresponding to the orbit c. It is also
possible to estimate the cross sectional areas. The cyclotron masses

opt

calculated in this way are, m =22 m_and m,

g = =1.0 m_, with the cross
sectional areas,A|3 and A , 100 % (exact) and 14 % of S,,, respectively.
Here, ¢ = B and ¢ = o denote the whole FS and the closed portion,
respectively (Fig. 4.6.7).

Equations (7) and (8) indicate that the cyclotron mass for a 2D
system is proportional to the (partial) density of states of the relevant
portion of the Fermi surface. It follows from this that the larger cyclotron
mass value for the fast oscillation arising from the MB effect is the
simple sum of the partial densities of states of the portions to be coupled
each other by the breakdown; it is not an average along the coupled
orbit. Therefore, for a coupled large orbit composed of a closed pocket
and open portions, we usually obtain cyclotron mass value larger than

that for the small pocket only. The larger value of the coupled orbit

mass, as in the present case, is not surprising and does not necessarily
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involve the larger mass for the open portions. We have to be careful in
comparing the cyclotron masses for different types of orbits. The enhanced
mass for the open portions of the FS larger than that for the coupled orbit
[45] cannot be concluded.

The geometry of the F'S concerns the two ratios, m/m, and A, / A;.
The values, mﬁ/ma= 22and A,/ AB: 0.14, are inferred from the optical
results, while the present dHVA results give A /A= f,/f;=0.18 and m,/
m_ = 1.8. This comparison supports the picture shown in Fig. 7, although
there remains discrepancy which probably comes from the simplification
introduced in the analysis of the optical data. The MB effect clearly
shows opening of a small gap at the junction of FS. This gap should give
rise to interband optical transitions. However, the transition energy, i.e.,
the gap width, is so small that this interband contribution cannot be well
separated from the intraband one in the observed spectra. In Ref. 5,
therefore, the band parameters were estimated from the plasma frequencies
including the low energy interband contributions. Since the FS is still
connected along the x-direction in Fig. 4.6.7 even in the presence of the
gap, such overestimation of the plasma frequency is expected mainly for
the y-direction data. This means that kFyﬁ in Fig. 4.6.7 is relatively under-
estimated, which results in the underestimation of m_and A  in the analysis
of the optical data. The discrepancy between the optical and the dHvVA
results can be qualitatively explained in this way.

On the other hand, the values of cyclotron mass, ny= 3.6 m, deduced
from the dHVA oscillations is larger than that calculated from the optical
results by the factor of about 1.6. In order to remove this discrepancy,

the transfer integrals smaller than the reported ones [5] by the factor of
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0.6 should be used. Such difference cannot be ascribable only to exper-
imental error. It is also difficult to explain this by taking account of the
difference in the transfer integrals within each group. Mass enhancement
near the Fermi level due to many-body effect, such as electron-phonon
interaction, is thereby suggested. The optical spectra probe the global
structure of the conduction band rather than the detailed features near the
Fermi level, so that the optical mass is insensitive to the many-body
effect on the quasiparticle energy near the Fermi level.

Next, let us direct our attention to the gap affording the MB effect.
The breakdown field, H, is approximately related to the energy gap near

the junction, €, by the equation [40,45],
H,=@/4)(cleh) (sgz/ v, vy), (4.6.9)

where v, and v are the components of the Fermi velocity at the junction
parallel and perpendicular to the zone boundary, respectively. The simpli-
fied tight-binding model with the parameters inferred from the optical
results [5] yields v, = 1.5 x 10" cm/s and v,=1.1 x 10" cm/s. From this,
together with H, = 15 T, it follows that £g=1.5 x 10" ?eV. If the mass
enhancement near the Fermi level is taken into account, the gap should

be about the half of this value. A more popular formula [40],
Hy=~ (m,c/eh)(g/e), (4.6.10)

with the cyclotron mass, m =3.6 m_, results in the same order of magnitude,

ie.,g =1 x 10~* eV. The corresponding spacing between the open and
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the closed portions of the FS at the junction is as small as about 2 % of
nt / b, where b is the lattice constant along the x-direction. This justifies
the application of the simplified band model to approximate estimation of
the masses and €.

In the framework of the tight-binding band model, the origin of the
gap at the zone boundary is the difference of transfer integrals within the
groups, which reflects the small deviations from the uniform packing of
BEDT-TTFs. In the present case, it seems difficult to predict such a
small energy structure accurately enough. Nevertheless, the empirical
tight-binding band calculations can provide a reasonable estimation of
the order of magnitude of the gap [4]. Another problem which exists in
the present case is the failure in prediction of the topology of FS by the
calculations [4]. Even in the presence of the deviations from the uniform
packing, the geometry of FS is basically determined by the ratio of the
group averages of the transfer integrals, <z, > / <t, >. Since the modes
and characters of the intermolecular contacts are entirely different between
the groups, attention should be paid in comparing 7. with 7. . The calcula-
tions [4] yielded <t > / <t, > = 1.7, while the optical and the dHVA
experiments support <z, >/ <t, > =0.59. The former one is sensitive to
the details in the parameterization in the extended Hiickel molecular orbital
calculations, and can be suppressed down to about 0.2 by taking account
of the contributions of sulfur 3d orbitals [46]. Therefore, the contradiction
between the experiments and the calculations is expected to be removed,
when moderate weight of the sulfur 3d contributions is adopted. In spite
of such arbitrariness in the empirical parameterization, it is evident that in

studying the electronic structures of the molecular conductors the frame-
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work of the tight-binding band model works well with the help of exper-

iments, as demonstrated in this study.

4.6.3. Summary

From the analysis of the dHvVA oscillations in 6-(BEDT-TTF),L,, the
cyclotron masses have been evaluated to be 2.0 m_ and 3.6 m_, for the
slow and fast oscillations, about 800 T and 4000 T. The latter has been
shown to be as a consequence of the magnetic breakdown effect which
connects the closed and open portions of the Fermi surface. These two
portions are separated by the gap of 1.5 x 10~ eV at the junction. These
results are consistent with the topology of the Fermi surface deduced
from the tight-binding band model with the parameters inferred from the
optical measurement. It is also proposed that the contribution of the
sulfur 3d orbitals should be taken account of in the extended Hiickel

calculations of the HOMO of BEDT-TTF.

4.7. The Subnikov-de Haas (SdH) Oscillations

and Small Fermi Surface

In this section, the notation of the crystal axes follows that of the
monoclinic system.

A typical SdH signal observed in a high magnetic field range is
shown in Fig. 4.7.2 (a). The Fourier spectrum shows the two fundamental
frequencies marked by the symbols, o and {8, and their combination

frequencies. The o and  oscillations are attributed to the closed orbit
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Fig.4.7.1. The Fermi surface of 6-(BEDT-TTF),l; concluded from the optical and the dHvVA

results in the framework of the tight-binding model.
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around the zone boundary and the magnetic breakdown orbit, respectively
(Fig. 4.7.1). The angle dependence of their frequencies is summarized in
Fig. 4.7.2 (b). The angle dependence fits well with the formula, f = f, /
cos 60, both for H Il ac* and for H |l bc*, where 0 is the angle between the
magnetic field and the c*-axis. The 1/cos 6 dependence indicates that
the Fermi surfaces responsible for the o and B oscillations are almost
perfect cylinders, as expected for the two-dimensionality of the electronic
structure of 6-(BEDT-TTF)L. The frequency, f,, is 779 T for a and
4234 T for B. The corresponding cross-sectional areas are 19 % and 102
% of the area of the first Brillouin zone viewed along the c*-axis for a
and B, respectively. From the temperature dependence of the amplitudes
between 0.05 and 0.6 K, the cyclotron masses of the o and 3 orbits are
estimated to be (1.8 £ 0.1) m_ and (3.5 + 0.1) m_, respectively. The
frequencies and the cyclotron masses are in good agreement with the
dHVA results [6,7] given in the preceding section. The cross-sectional
area of the orbit a, 19 %, is also closed to that predicted from the optical
study, 14 % [5]. The angle dependence, the frequencies, and the cyclotron
mass have definitely established the topology and the shape of the two-
dimensional Fermi surface of 0-(BEDT-TTF),[,.

New SdH oscillations are found in a low magnetic field range below
about 3 T. Figure 4.7.3 shows the SdH oscillations together with their
Fourier spectra for several field directions. The angle dependence of the
frequencies is summarized in Fig. 4.7.4, where the frequencies are tenta-
tively classified into branches,y (y',y"), d and €. We have examined the
angle dependence from about — 40" to 90 * for each of 6,, 6, and ¢, and

confirmed the symmetry with respect to ¢* and b axes.
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The y oscillation is observed for field directions around H Il ¢*. For
H || ¢*, the frequency is about 6 T and the corresponding cross-sectional
area is only 0.15 % of the first Brillouin zone viewed along the c*-axis.
As the field is tilted towards the b-axis, the frequency of y decreases and
the y oscillation disappears above 6, =31 ° . When the field is tilted from
the c*-axis towards the a-axis up to 6, = 20 *, the frequency slightly
increases. The three data points for 6, = 33", which are denoted by the
symbol, (y), in Fig. 4.7.4, seem to be related to the y branch, though SdH
oscillation was not detected for 6, = 26" nor 6, = 30 *. On the other
hand, another branch marked by y' appears for 6, = 20 * . Its frequency
increases rapidly with 6_, approaching that of y. The peaks appearing in
the Fourier spectra for 6,=45" and 50 * are relatively broad. Accordingly,
the two branches,y and y’, may join and be connected withy".

The 0 oscillation is remarkable; it is visible for the magnetic fields
parallel to the two-dimensional conducting plane (the ab plane) in a wide
angle range. A Clear SdH oscillation observed for observed for H Il b is
shown in Fig. 4.7.3. With the field rotating within the ab-plane, we could
observe the & oscillation up to ¢ = 60 . Its amplitude decreases as the
field direction approaches the a-axis. The frequency of 0 gradually increases
as ¢ increases. When the field is rotated from the b-axis towards the
c*-axis, the frequency increases as well.

The cyclotron effective masses were determined from the amplitudes
in the Fourier spectra between 0.05 and 1.2 K fory (H Il ¢*) and 8 (H lIb).
Figure 4.7.5(a) shows a mass-plot for the y oscillation (H Il ¢*). The
cyclotron mass can be estimated to be (0.05 + 0.02) m_ for y, though the

data points are scattered because of the small amplitudes. A very
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small mass value of (0.014 + 0.002) m_ is found for the 8 oscillation, as
shown in Fig. 4.7.5(b).

The band structures of BEDT-TTF-based conductors have been con-
sidered to be highly two-dimensional, as expected from their typical layered
structures. The two-dimensional band structures are calculated on the
basis of the tight-binding approximation in terms of the HOMOs of BEDT-
TTF molecules. Usually, only the transfer integrals within one BEDT-TTF
layer are taken into consideration. For several BEDT-TTF salts, the
dHVA or SdH experiments have indeed revealed the 1/cos 6 dependence
of the frequencies, indicating the presence of almost cylindrical Fermi
surfaces as evidence for the two-dimensionality [47]. The a and 3 branches
are clearly explained within this framework. They come from the large
cylindrical Fermi surface, as is demonstrated by the 1/cos 6 dependence
(Fig. 4.7.2(b)). They can be regarded as originating from the HOMOs of
BEDT-TTFs.

On the other hand, the interlayer interactions have been believed to
play only a minor role in determining the band structures; they have been
treated as much smaller (107%) transfer interactions between the BEDT-TTF
layers only leading to slight corrugation of the cylindrical Fermi surfaces.
The angle-dependent magnetoresistance oscillation observed for several
BEDT-TTF salts has been thought to arise from such slight warping of
the Fermi surface [9-12].

The above framework does not necessarily exclude the possibility of
a very small closed Fermi surface; it can be formed around the zone
boundary, if a slightly corrugated Fermi surface touches the boundary.

However, this cannot explain the new SdH oscillations, y, & and €. First,
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the frequency of y decreases as the field is tilted from the c*-axis towards
the b-axis. This implies that there exists a considerable energy dispersion
along the c*-axis at least around the y cyclotron orbit. That is, if we think
of an ellipsoidal shape of Fermi surface for the y oscillation, it must be
elongated along the b-axis. Such a shape of the Fermi surface cannot be
expected from the presumed small interlayer interactions. Second, the
cyclotron mass of the 6 orbit for H Il b is very small (0.014 m ). Within
an effective mass band model (parabolic band), the observed mass is

expressed as (m * m)"'"?

, where m_* and m_are the c*- and a-components
of the effective mass tensor, respectively. Thus, not only m_* but also m,
should be small. It is difficult to explain this only by the small interlayer
interactions.

Accordingly, the conclusions can be summarized as follows. Two
different types of the Fermi surface coexist in 6-(BEDT-TTF),I,. The
first group consists of the large quasi-two-dimensional Fermi surfaces
originating from the HOMOs of BEDT-TTFs, corresponding to the o and
B oscillations. The second group, related to the y,y',y", 0 and € oscillations,
comprises the very small Fermi surfaces exhibiting a pronounced dispersion
even for the direction perpendicular to the BEDT-TTF layer. They cannot
be understood within the conventional tight-binding framework based
only on the HOMOs of BEDT-TTFs. In order to interpret the present
results, further improvement of the band structure calculations, which
takes account of the other molecular orbitals of BEDT-TTFs or anions,
seems necessary. Thus, this SdH study has established the HOMO-based

band structure on one hand, and revealed the new features outside the

simple picture on the other hand.
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4.8. The Angle Dependent Magnetoresistance Oscillation
(ADMRO)

As shown first by Yamaji [11], the period of the ADMRO peaks can

be related to the Fermi wavenumber &, by

k,=m/dAtan 0, (4.8.1)

where d is the periodicity in the direction perpendicular to the two-
dimensional plane, and 0 is the angle between the magnetic field direction
and the normal direction. Therefore, the ADMRO is expected to provide
detailed information on the geometry of the Fermi surface. Although
0-(BEDT-TTF),I, is one of the first material in which the ADMRO is
observed [8], the interpretation of the oscillation period based on a realistic
band structure has not been done yet. Nowadays, the Fermi surface of
this salt has been well understood by the optical (Sec. 4.3) [5], dHVA
(Sec.4.4) [6,7] and SAH (Sec. 4.5) [14] studies. In order to establish the
relation between the ADMRO and the Fermi surface geometry in this
salt, the ADMRO is reexamined here. The notation of the crystal axes
based on the monoclinic lattice is referred to again in this section.

Figure 4.8.1 shows the resistance measured along the c*-axis with
the magnetic field rotated in the ac*-plane, where 0 is the angle between
the c¢*-axis and the field direction. Two oscillations with short and long
period can be distinguished. The short-period oscillation with sharp peaks
is prominent for small values of tan 6 (| tan 0| < ca.5). The values of

tanfat the peaks are plotted against the peak number in Fig.4.8.2 (a),
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Fig. 4.8.1.
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where the peaks for tan § > 0 (tan 6 < 0) are numbered with positive
(negative) integers from the one closest to tan 8 = 0. The period, A tan 6,
i1s determined to be 0.42, which is in good agreement with the value
reported by Kajita et al. [8]. On the other hand, a long-period oscillation,
which was not reported so far, becomes evident for large values of tan 0.
This finding may be ascribed to the quite high quality of the crystal (RRR
= 1200, where RRR is the residual resistivity ratio, p(280 K) / p(4.2 K))
and to the fine angle-step (0.3 ") around 6 = 90 ° used in recording the
resistance. The long-period oscillation is visible as an oscillation of the
envelop function for small values of tan 6; the height of the peaks due to
the short-period oscillation periodically oscillates as is shown by the
dotted curve in Fig. 4.8.1. The peak positions are independent of the
magnetic field for the long-period oscillations, as is the case for the
short-period one. The values of tan 0 at the peaks, including those of the
envelop function, are plotted against the peak number in Fig. 4.8.2 (b).
The data points lie on the straight line, from which the period, A tan 6 =
1.6, 1s obtained.

The resistance for the magnetic field rotating in the bc*-plane is
plotted against tan 60 in Fig. 4.8.3. In this case, the oscillatory features are
considerably weak, and therefore the second derivative, d°R / d6?, is also
shown to identify the peaks. The values of tan 0 at the peaks are plotted
against the peak number in Fig. 4.8.4. The peak positions lie on the
straight line with A tan 6 = 0.68 and 0.97. The discrepancy between the
periods for tan 6> 0 and tan 6 < 0 does not seem intrinsic. The long-period
oscillation seems to overcome the short-period one at large values of

ltan® |.
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In order to examine the present results by using Eq. (4.8.1), we have
to know the fundamental period of the energy band structure along the
c*-direction in the k-space, 2t / d. By applying the Bloch theorem with
respect to this direction, the wavefunction can be expanded in a Fourier

series,

W(r) =D, ¢, o (x,y) exp[-i(k, + G)zl, (4.8.2)
G

where x, y and z are the components of r in the real space, and G is the
c*-component of the reciprocal lattice vector. The matrix element of the

Hamiltonian of the tight-binding band model is written as,

<KIHIK'>=Y <K |y ><yx,|Hly, ><x, |K >

m,m’

=Y <K ly><x, K>t ., (483)

m,m’

in terms of the representation based on plane waves propagating along
the z-direction, where | > is the molecular orbital, b 1s the transfer

integral between the molecular orbitals | y >and| ) > and
|K.>=2L)""?exp(- ik z), (4.8.4)

L being the length of the crystal along the z-direction.

Let us consider the symmetry operation of the crystal, a, defined by
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owr —=pr+t,, (4.8.5)

where p_ and T, are the rotation and translation part of the operation, a.

Operating aon ), and ), ., we have,

) =t , (4.8.6)

om,om’ m,m'

because the Hamiltonian is not affected by the symmetry operation. There-

fore, Eq. (4.8.3) can be written as,

<KIHIK >=%t  Y><Klda"x><a"y, |K >,
(m,m") n

(4.8.7)

where (m , m' ) runs over the pairs in which m cannot be related to m ' by
o', with n running up to a very large integer.

There is a glide mirror symmetry along the c-axis in the monoclinic
structure of 6-(BEDT-TTF),I,. Regarding this as the operation, a, i.e., T,

=c /2, we obtain,
<K | x [0'm]>= fexp(il(z-z) X, (p oa'r-nc/2)dr
= fexp[iIQ (z+ncsin B /2)] x, @ dr

=exp(inK-csinf3 /2)<K | x >, (4.8.8)
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taking account of the fact that p_ (;t-rotation around the z-axis) does not

affect the z-component. Accordingly, the matrix element (4.8.7) is con-

verted into,
<K |HIK'>=Y explin(K.—K')csin /2]
nx tow <K 1, ><x, 1K > (489)
(m,m")
The factor,
Dexplin (K.~K')csinf/2] , (4.8.10)

n

is the Laue function appearing in the X-ray diffraction theory. From the
nature of the Laue function, it follows that <K | H | K > becomes negligible

unless there exists an integer, /, satisfying,
K.=K +4xnl /csinf . (4.8.11)
Therefore, only the terms with
G=4nl /csin B, (4.8.12)
is required in the expansion (4.8.2). This indicates that the fundamental
period along the c*-direction in the k-space is 47t / ¢ sin f.

With this knowledge, the observed periods of ADMRO can be related
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to the Fermi wavenumbers by Eq. (4.8.1); the interlayer distance, d ,
should be ¢ sin B/ 2 = 16.93 A. From the periods, A tan 6, of the
short-period oscillation, the Fermi wavenumbers are estimated to be 0.44
A~ and 0.27 A" along the a- and b-axes, respectively. First of all, the
short-period oscillation is ascribable to the large magnetic breakdown
orbit, , because the Fermi wavenumber along the a-axis points outside
the first Brillouin zone (a* /2 =0.32 A™"). The both Fermi wavenumbers,
i.e., the long and short radii of the elliptic Fermi surface, are in excellent
agreement with those predicted from the optical study.

Accordingly, it is natural to attribute the long-period oscillation to
the closed orbit, o, around the zone boundary. Using the observed periods,
A tan 6= 1.6 and 0.97, the Fermi wavenumbers are evaluated to be 0.12
A" and 0.19 A" along the a- and b-axes, respectively. Again, these
values are in good agreement with the size of the orbit o deduced from
the Fermi surface determined by the optical study.

Recently, another study of the angle dependent magnetoresistance
oscillation has been carried out [48]. In this study, the short-period
oscillation is examined for tilting of the field from the c*-axis towards
various directions in the ab-plane. From the obtained period as a function
of the tilting direction, the shape of the magnetic breakdown orbit, 3, has
been inferred as shown in Fig. 4.8.6 [48]. This shape is in satisfactory
agreement with the results above.

Thus, the angle dependent magnetoresistance oscillation in 0-(BEDT-
TTF),I, has been clearly explained on the basis of the Fermi surface

concluded from the optical study.
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Table 4.8.1. The Fermi wavenumbers, k .

ADMRO  Optical Study [5]
Orbit Atan 0 ke A" ko /AT
o /la 1.6 0.12 0.10
/I'b 0.97 0.19 0.20
B /la 0.42 0.44 042

/I'b 0.68 0.27 0.30

Tk > ky,

l \ >
/ \
/ \

Fig.4.8.6. The geometry of the Fermi surface derived from the ADMRO with various tilting
way of field [48].
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4.9. Concluding Remarks

The geometry of the 2D Fermi surface of 6-(BEDT-TTF),I, has
been almost entirely established. As regards the Fermi surface geometry,
the simple tight-binding band model inferred from the optical data is
found to be satisfactorily accurate. The discrepancy between the calculated
and experimental band structures has been attributed to the neglect of the
sulfur 3d contribution in the calculations of the HOMO of BEDT-TTF.
This conclusion has been provided by the dHvA, SdH and ADMRO
experiments, which also clarify that this salt affords an almost ideal 2D
electron system showing magnetic breakdown effect.

However, the cyclotron mass values predicted from the optical data
do not well agree with those obtained from the dHvA and SdH results.
This may be an indication of enhancement of the density of states just
near the Fermi level due to the many-body effect [49-51]. In this connection,
attention should be directed to the discrepancy between the observed dc
conductivity and that estimated from the optical data at high temperatures.
On the other hand, the TEP results indicate that the simplified band
model fails to give the local curvatures near the Fermi surface. From the
viewpoint of the optical properties, this corresponds to the appearance of
weak interband transitions, which are not allowed in the simplified band
model. In order to explain these features, it is desired to improve theoretical
tools.

The finding of the extraordinarily small three-dimensional Fermi
surface by the SAH experiments is striking: it seems impossible to explain

this within the HOMO based tight-binding model. Contribution of another
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degree of freedom is suggested.
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Chapter 5.

Reflectance Spectra of x-(BEDT-TTF),I,
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5.1. Introduction

The x-form of di[bis(ethylenedithio)tetrathiafulvalene] triiodide,
K-(BEDT-TTF),I,, exhibits superconducting transition at 3.6 K under am-
bient pressure [1]. So far, other k-type BEDT-TTF salts, such as [Cu(NCS),]
salt [2], [CuN(CN),Br] salt [3], were found to be ambient pressure super-
conductors. The transition temperatures (7)) of the [Cu(NCS),] and
[CuN(CN),Br] salts exceed 10 K, which being the highest ones among
the organic superconductors. In this connection, the K-type molecular
arrangement 1s believed to have a key to the higher T'; extensive studies
have been made on these k-type salts. The k-type structure is characterized
by a two-dimensional arrangement of the dimeric units of donor molecules
[4], as shown in Fig. 5.1.

The reflectance spectra of metallic BEDT-TTF salts have been inves-
tigated, in order to elucidate their electronic structures [5-15]. The disper-
sion of the reflectance spectra of the BEDT-TTF salts often deviates from
the Drude-type one in the infrared region. With the aid of the calculations
of the optical transition probabilities based on the one-electron theory [7],
the origin of the non-Drude dispersion has been pointed out to be the
interband transitions between the split band arising from non-uniform
arrangements of BEDT-TTF molecules. In this connection, k-(BEDT-
TTF),I, looks to be a suitable example to examine whether the optical
properties of metallic BEDT-TTF salts are understandable within the
framework of the conventional band model, since the k-salt has a typical

dimeric structure.
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Fig.5.1. Left: Arrangement of BEDT-TTF molecules in k-(BEDT-TTF),l; viewed along the
long-axis of BEDT-TTF, and the definition of the transfer integrals. Right:
Orientaion of BEDT-TTFs within the bc-plane.
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In this study, reflectance spectra of k-(BEDT-TTF),L,, in the infrared
and visible region (500-25000 cm ™) at 295 K and 15 K, are presented.
In 5.3.1, a distinct correlation between the appearance of the non-Drude
anomaly and the dimeric arrangement of BEDT-TTF molecules is described
in detail. The curve-fitting analysis of the observed spectra is explained
in 5.3.2. Strong two-dimensionality of the optical effective mass is eluci-
dated. In 5.3.4, the inter-dimer transfer integrals describing the HOMO
bands of k-(BEDT-TTF),I, are evaluated by use of the band scheme
based on the dimer model. The four inter-molecular transfer integrals are
also estimated, and the optical conductivity spectra are calculated using

these integrals.

5.2. Experimental

The single crystals of k-(BEDT-TTF),I, were provided by Prof. H.
Kobayashi (Toho Univ.), Prof. A. Kobayashi and Prof. R. Kato (Univ. of
Tokyo). The single crystals were obtained by electrochemical oxidation
of BEDT-TTF in a tetrahydrofuran solution containing mixed electrolyte,
(n-C,H,),NX (X=I, and Aul,, or IBr, and Aul,) [16]. The content of Au
and Br of the samples used were less than the detectable limit of electron-
probe micro-analyzer (EPMA) [17]. The crystal axes of the samples
were identified by X-ray diffraction. Reflectance Spectra were measured
on the (100) crystal face, which is the most developed one, following the
method described in Sec. 3.1. Details of the apparatus used in this work

were described elsewhere [5]. A composite bolometer (Infrared Lab-
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oratories Inc.) was used in the measurement below 2000 cm ™. The
principal axes of reflectance in the bc-plane were confirmed to be the b-
and c-axes by measuring the change in reflectance at 2500 cm ™' on
rotating the light polarizer.

Since there were many scratches on the crystal surface, we had to
select out a small area free from scratches by use of a microspectropho-
tometer with a highly magnifying objective lens in the visible and near-
infrared region. However, we can not use such a procedure in the infrared
region. Thus it was not possible to determine directly an absolute reflectivity
in this region. Consequently, a calibration was carried out by comparing

the reflected lights from the sample surface with that from the gold-coated

sample surface.

5.3. Results

5.3.1 Reflectance Spectra

Figure 5.2 shows the reflectance spectra of k-(BEDT-TTF),I, at 295
K and 15 K. The intra-molecular transition of I,” anion appeared around
23000 ¢cm ™' for the polarization direction parallel to the c-axis, along
which the linear I,” anions are oriented. The peak position shifts to
higher wavenumber on lowering the temperature. This transition was
observed also for other (BEDT-TTF),I, salts [7-10,12,13]. A hump was
found near 10000 cm ™' in the Il ¢ spectrum, but no such dispersion
appears in the Il b spectrum. Since the long axes of BEDT-TTF molecules
are almost perpendicular to b-axis in K-(BEDT-TTF),I

;» this dispersion is
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assigned to the intra-molecular transition of BEDT-TTF" radical. This
assignment is supported by our studies on 6-(BEDT-TTF),I, [13] and
BPDT-TTF salts [17] (BPDT-TTF denotes bis(propylenedithio)tetrathia-
fulvalene). The curve-fitting procedure described below gives the peak
position for this transition as 11200 cm ™ at 295 K and 11300 ¢cm ™ at 15
K.

Let us concentrate our attention on the electronic transition observed
in the infrared region. As Fig. 5.2 shows, the dispersion curves for the
two different polarization directions are similar to each other, suggesting
the strongly two-dimensional character of this salt. Although both Il b
and |l ¢ spectra indicate the plasma-edge-like minima around 5000 cm ™,
the line shapes do not follow the Drude behavior below 4000 cm™'. The
reflectance curves exhibit broad shoulders around 3000 cm™ and prominent
vibronic structures at about 1100 cm ™. The latter can be assigned to the
molecular vibration coupled with the intermolecular transition. Another
vibronic transition was found around 800 cm™. A similar spectral feature
has been reported for the Il [T10] spectrum of B-(BEDT-TTF),I, at room
temperature [7], which is depicted in the inset of Fig. 5.2.

In many BEDT-TTF salts, BEDT-TTF molecules form two-
dimensional networks as regards the electron transfer interactions. Gener-
ally this network is not uniform but sometimes has a dimeric unit. For
example, in the donor sheets of B-(BEDT-TTF),I,, BEDT-TTF molecules
form dimers along the [110] axis [19]. The network structure of k-salt is
the most typical case of dimerization. A strong intra-dimer interaction
splits the conduction band formed from HOMO's of BEDT-TTF into two

branches, between which the dimerization gap open [20]. The lower

144



branch has a bonding character of the dimer, while the upper branch has
an anti-bonding character. Thus, the optical transition between these
branches is infrared active and polarized along the dimerization direction,
1.e., the direction connecting the centers of molecules in the dimer.

As a consequence of this interband transition, the infrared dispersion
is expected to be a superposition of the two contributions, i.e., the Drude-like
dispersion due to the intraband transitions and the contribution of the
interband transitions. If this is the case, the temperature dependence of
the spectra should give insight into the presence of these two contributions.
At room temperature, the Drude-like dispersion is broad and obscured by
the electron scattering near the Fermi energy. On lowering the temperature,
the scattering rate becomes saliently suppressed, and decreases more and
more. This yields large negative values of the real part of dielectric
function at lower wavenumbers and a distinct plasma-edge in the reflectance
curve. On the other hand, the line shape of the interband transitions is
basically ruled by the band dispersion, thus being rather insensitive to the
temperature than that of the intraband transitions. Consequently, the
spectra are expected to approach a Drude-like dispersion on lowering the
temperature. Such a temperature dependence is in fact observed for
K-(BEDT-TTF),I,, as shown in Fig. 5.2. A similar result was also reported
for B-(BEDT-TTF) I, (Fig. 5.2 inset) [8]. The conductivity spectra obtained
by means of the Kramers-Kronig analysis of the reflectance data at 295 K
and 15 K are shown in Fig. 5.3. For both the Il b and Il ¢ polarizations, the
contribution of the intraband transitions centered at zero wavenumber
becomes fairly sharp at 15 K. On the other hand, the absorption band

around 2500 ¢cm ' corresponding to the interband transitions shows an
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intensity decrease and a slight red-shift at 15 K. These facts support the
view that the intra- and interband transitions coexist in the infrared region.

Now, let us compare the reflectance spectra of different forms of
(BEDT-TTF) I, to see the relationship between the structure and optical
property. In B-(BEDT-TTF),I,, BEDT-TTF molecules form a dimerized
stack and all the dimers are oriented in parallel [19,20]. The prominent
conductivity peak appears only in the Il [T10] spectra. It has been proposed
that the inter-band transition across the dimerization gap is responsible
for this prominent peak by comparing with the calculation of conductivity
spectra [7]. On the other hand, there are two different dimerization axes
in the k-salt, which are almost perpendicular to each other. As was
pointed out before, the infrared peak appears along two polarization direc-
tions in the bc-plane. In the average structure of 0-(BEDT-TTF),I,, all
the BEDT-TTF molecules are crystallographically equivalent, forming a
uniform two-dimensional network [21,22]. The molecular arrangement
in the K-salt [4] is connected with the average structure of 0-salt [22], by
replacing each BEDT-TTF with a BEDT-TTF dimer. The infrared property
of the 0-salt is Drude-like as expected for a two-dimensional metal [9,13].
The calculation of conductivity spectra also showed that there would be
no contribution from the interband transitions. This is because the interband
transition is forbidden by the high crystal symmetry. (See also Appendix
A))

As mentioned above, the prominent peak in the infrared region is
ascribed to the inter-band transition across the dimerization gap. The low
temperature spectra also supported this interpretation. This infrared peak

always appears only along the dimerization direction: It appears in two
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directions in the K-salt, in one direction in the 3-salt, and disappears in
any directions in the 0-salt. One of the simplest way to explain this
strong correlation between the structures and the spectra is to ascribe this
infrared peak to the one associated with the interband transitions across
the dimerization gap based on the tight-binding band scheme [7,12,15].

Let us make here a brief comment on the relation between the electron-
molecular vibration (e-mv) coupling and the interband transition. The
e-mv coupling have been investigated mainly for one-dimensional organic
conductors [23,24]. Strong e-mv peaks appear in the spectra of the 3-salt
[7,8] and x-salt, whereas only weak e-mv peaks were observed for the
0-salt [13]. This suggests a correlation between the e-mv coupling and
the interband transition; the intensity and the dichroism of the e-mv mode
seem to reflect those of the interband transition. These modes, usually
observed around 1200 cm™' for BEDT-TTF salts, correspond to the totally
symmetric (breathing) intramolecular vibrational modes with the character
of C=C stretching [25,26]. In a free molecule these modes are infrared-
inactive. However, they appear in the infrared spectra by borrowing the
intensity of the interband transitions. On the analogy of the theory for a
dimer chain [23,24], the inter-band transition across the dimerization gap,
referring to the electronic charge oscillation between the two molecules
within the dimer, can couple to the asymmetric combination of the totally
symmetric vibrations of the two molecules. Consequently, it appears as
peaks observed at frequencies slightly lower than those of the original
C=C stretching modes.

From an experimental viewpoint, it can be pointed out that the obser-

vation of the e-mv modes affords a probe to the properties of the interband
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transitions; the high intensity of the e-mv peak should indicate the presence
of strong interband transitions in the same light polarization. This consid-
eration is consistent with the experimental results for several BEDT-TTF
salts [5-15]. It works as a convenient index, because the e-mv coupling
modes are easier to distinguish than the interband transition itself; The
interband transitions have a broad-band dispersion, which is often indis-
tinguishable from that of the intraband transitions. (See also Appendix
B., about the discussion presented here.)

Let us apply the above consideration to the cases of the -, 8-, and
K-(BEDT-TTF),I,. The appearance of strong e-mv peaks in the (- [7,9]
and the k-salts reflects large intensities of the interband transitions in
these salts. In spite of the Drude-like behavior, weak e-mv modes were
observed in the 0-salt [13], suggesting the existence of weak interband
transitions. In fact there are small shoulders in the conductivity spectra
around 2500 cm™' [13]. This can be interpreted as a result of the lowering
of symmetry in the real structure of the 0-salt [27]. The present investigation
is limited to qualitative one because of low resolution of our spectra.
Detailed experimental features of the vibronic structures have been reported

for some BEDT-TTF salts [25,26,28-31].

5.3.2 Curve-Fitting Procedure

The intraband transitions contain the information concerning the
dispersion of the conduction band, while the interband transitions reflect
the band splitting due to the dimeric intermolecular interaction. We
estimated the band parameters by analyzing the intraband transitions sep-

arated from the interband transitions. The separation was carried out by a
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curve-fitting by use of the Drude-Lorentz model,

3or4
e(w)=¢e.—w,/(0*+iw/ 1)+ Efj/ (0w’ -iyw]. (5.1
i

The reflectivity is related to the dielectric function by the equation,

R=[1+1lel-V2(el+Re(e))]/[1+1e1+V2(Ilel+Re(e)].
(5.2)

The first term in the right-hand side of Eq.(5.1) stands for the constant
contribution from the higher energy transitions outside the experimental
spectral region. The second term, the Drude term, gives the contribution
of the intraband transitions. The third term describes the contribution of
other transitions: the interband transitions, the e-mv coupling modes and
the intramolecular electronic transitions. The line shape of the interband
transitions is empirically expressed as a superposition of two Lorentzian
oscillators, since the shape of the interband transitions shown in Figs. 5.2
and 5.3 could not be reproduced well by a single Lorentzian. Instead of
including the contribution of the transitions beyond 20000 cm ™ explicitly,
we limited the fitting region below 15000 cm™, so that they were implicitly
included in the first term, €.. The curve-fitting results were shown as the

solid curves in Fig. 5.2, and the obtained parameters were compiled in

Table 5.1.
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Table 5.1. Curve-fitting results.

Polarization T/ K &, o, /eV T/ eV‘IQp /eVY m*/m o,/ Sem "

II'b 295 40 0.63 27 093 4.1 150
15 40 074 22 0.98 30 1600
/Il c 295 39 0.76 32 095 29 250
15 36 082 16 0.96 24 1500

a) Qp2 = a)p2 + Ej ]j , where the summation is taken over the e-mv mode and the
interband transitions.

b) The values obtained by extrapolating the Drude conductivity to zero wavenumber.

5.3.3 Optical Effective Mass

To obtain the information on the conduction band structure from the
optical data, the effective mass model is widely used as a simple description
of the band dispersion. In this model the structure of the two-dimensional

conduction band is expressed as a parabola around the I" point, that is,

e =—n’[k>/ 2m*, +k*/ 2m*] , (5.3)
where m*, and m* _are the principal values of the two-dimensional effective
mass tensor defined in the bc plane. The effective mass values are estimated

from the intraband plasma frequencies, w,'s, by using Eq.(5.4),

m* =4nne’/m*(w,)),, x=>bandc (54)
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where n and e denote the number density of the holes per unit volume
and the electron charge, respectively. The effective mass values are
calculated to be m*, =3.0 m_ and m*_ =2.4 m_, when the plasma frequency
values obtained from the 15 K spectra, (w,), =0.74 eV and (w,), = 0.82
eV, together with n = 1.185 x 10 lem 7!, are used. Small temperature
dependence of the lattice constant and the hole density are neglected
here. The obtained ratio, m*, / m*, = 1.3, is very small among the
known organic conductors, a similar value being known for k-(BEDT-
TTF),[Cu(NCS),] [11]. For - and 6-(BEDT-TTF),L,, the corresponding
effective mass ratios are estimated to be 3.5 and 2.0, respectively [8,13].

This elucidates the strong two-dimensionality of the electronic structure

of k-(BEDT-TTF),I,. The obtained results are shown in Table 5.1.

5.3.4 Analysis by Tight-Binding Band Model

The effective mass model is simple and applicable to any metallic
material. However, this model gives little information on the intermolecular
interaction. Moreover, when the Fermi level is far from the edge of the
conduction band, this model is no longer a good approximation. In this
respect, it is worthwhile to examine the analysis based on the tight-binding
approximation. This approximation is formulated in terms of transfer
integrals between the frontier molecular orbitals of the nearest-neighbor
molecules calculated by the extended Hiickel method [32-34]. This ap-
proach has been successfully applied on several BEDT-TTF salts [6-
8,13,32-38]. The recent self-consistent-field band calculations suggest
that the molecular orbital identities of BEDT-TTF are maintained in the
crystal electronic structure of 3-(BEDT-TTF),X [39].

151



o
N
\-<

4bN
T
D

M Y r Zz M r

Enerqgy / eV
=)

AN
i,

(

l
o
N

Fig. 5.4. Calculated tight-banding band structure and the Fermi surface of K-(BEDT-
TTF),, [4]. Itis assumed that ¢/ eV =—-10S.

5
N
ANy
G

" &

Fig.5.5. Effective interdimer interactions in k-(BEDT-TTF),I;.

152



For the sake of estimating the tight-binding band parameters from
the optical data, we have developed a dimer-based treatment using a
perturbation theory. The overlap integrals between the HOMO's of the
neighboring molecules are given as S,, = 10.92 x 1072, S,, =2.46 x 107,
S, =5.05 x 107, and S, =-1.85x 10~° for k-(BEDT-TTF),L, [4]. The

intradimer overlap, ¢,

.1+ 1s considerably larger than the others, indicating

the dimeric structure of this salt. According to the calculation by the
tight-binding approximation, the higher two branches and the lower two
are separated by the dimerization gap, as shown in Fig. 5.4. If the
dimerization is sufficiently strong, i.e., the intradimer transfer integral
sufficiently excels the interdimer ones, we can start from the unperturbed
dimer state with two energy levels, the bonding (lower) and the anti-bonding
(higher) levels of the dimer. Due to the perturbation of interdimer interac-
tion, the two levels form two bands, keeping the dimerization gap between
them. Indeed, the energy band structure shown in Fig. 5.4 has this
character.

The one-electron Hamiltonian, which is diagonalized to give tight-

binding band energies, is divided into two terms as follows:

H@,,,t

w0 Lo 15 0) = Hi(4,5 k) + H (8,1, 15 k). (5.5)

1; b2°?
Since there are four molecules in the unit cell, the Hamiltonian is 4 x 4
matrix. We first solve the diagonalization problem for the unperturbed
Hamiltonian, H ;, and find the eigenvalues,
E’=E’=t ,andE’=E=~t (5.6)

2 bl*
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E’ and E, correspond to the bonding levels and E,” and E,’ to two
anti-bonding levels of the dimer. These levels are independent of wavevec-
tor, k, since H, contains no interdimer interaction. The degeneracy comes
from the presence of the two crystallographically equivalent dimers in the
unit cell. The next step is to calculate the matrix elements of H,, (H)), ; =
<P’ H, Illl’jO >, where ¥° stands for the Bloch sum of the HOMO's of the
molecules, i. Following this, we obtain the first-order correction energy,

OFE, by solving the secular equation,
det [(H));;—0E 9,;1=0, 5.7)

for each pair of the doubly degenerating states, (1, 2) and (3, 4). The
resultant energies to the first-order, E' = E°+0E , are written in the

explicit forms,

E'(k)=E+t,cos(b - k)-211+t | cos(b - k/2)cos(c k/2),
E,'(k)=E," + t,,cos(b - k) +2 17+t |
cos(b - k/2)cos(c- k/?2),
E/'(k)=E —t,,cos(b - k) -2t~ | cos(b - k/2)cos(c " k/?2),
E'(k)=E; —t,cos(b - k) +2 1t~ | cos(b - k/2)cos(c - k/2).
(5.8)

The obtained energy dispersion is similar to that of 6-(BEDT-TTF),I,

(the average structure), which is given by,
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E(k)=21 cos(c - k)+41t, | cos(c - k/2)cos(a- k/2). (5.9)

Since the arrangement of BEDT-TTF dimers in the K-structure has
the same symmetry as that of the molecules in the 0-structure, the similarity
between Eqgs.(5.8) and (5.9) is natural. In this approximation, as a result

of the interdimer interactions, ¢, 1 and 1, the doubly degenerate bonding

b2
levels of the two dimers in the unit cell form the pair of branches, E 11 (k)
and Ezl(k), and the anti-bonding levels form the other pair, E31(k) and
E41(k). In other words, we regard the dimers as supermolecules (Fig.5.5).
This approximation is good, when the energy separation E;(k) —E21(k)
sufficiently exceeds E,'(k) -E, (k) and E,'(k) —E,'(k). As Fig.5.4 shows,
this condition is actually satisfied around the Fermi surface.

Taking account of this perturbation theory, we can estimate the
values of effective interdimer transfer integrals from the Drude plasma

frequencies. The plasma frequencies, (w,), and (w,), are the function of

P)b
the Fermi velocities. Since the Fermi level crosses the upper two branches,
E,' and E,', we can explicitly relate the two plasma frequencies and the
number of states beyond the Fermi level per unit area, N, to the three
parameters, t, = -,/ 2, ¢, =11¢-11/2 and the Fermi energy, E, by the

following equations,

@Whie?) (), =nlasin 1), 1 dk (5.10)
@hied) (0,2, =2nlasinB)f 1), dk, . (5.11)
N = i) [1k (k)1 dk, (5.12)
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where (vp), and (v,), denote the b- and c-components of the Fermi velocity,
respectively. The components of the Fermi wavenumber, k, and k_,
satisfy E(k,, k) = E.. These three integrals are taken over the two-
dimensional Fermi surface in the bc-plane. As have been done in the case
of 6-(BEDT-TTF) L, [13], it is possible to solve these three equations
simultaneously to determine ¢,, ¢, and E_ for given values of (w,), , (w,),
and N,. By using (w,), =0.74 eV, (w,). =0.82eV,a=16.387 A, sin(f)=
0.948,and N, =1.841 x 10 “cm™?, we obtained the result: 7, = 0.034, ¢, =
0.054 and E, = — 0.037 eV. Thus, the effective band parameters have
been determined for the upper half of the HOMO band of k-(BEDT-TTF) ..
In this "0-model", the band structure of k-salt is modeled on that of
0-salt.

Next the procedure to estimate the full parameter set (¢, , ¢,,,

t,t)of
P’ q

the exact k-band is described. The intradimer transfer integral, 7, is
closely related to the excitation energy of the inter-band transition. Since
the line shape of the conductivity spectra (Fig.5.3) is broad, it is difficult
to specify the accurate excitation energy values of the inter-band transitions.

Nevertheless, we assumed that,

t =-0.15¢eV, (5.13)

because this value gives preferable peak positions in the calculation of
the inter-band transitions described below (Fig.9). There is no experimental
information on the values of L and t,» SO that we assumed the ratio, tp/ 1

based on the calculations of the overlap integrals as Eq.(5.14):
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t/1,=-505/185~-217. (5.14)

Then, to be searched is the set of parameters (7, , 7,,, s tq) which
satisfies the following conditions: i) #,, = — 0.15 eV, 11) tp/ t,=- 2.7 eV,
and 1i1) the plasma frequencies fits with the observed ones. The most
reliable parameters are ¢, = — 0.15 (by assumption), 7, = — 0.037, 7 =
—0.074, and ¢, = 0.027 eV. Figure 5.6 shows the band structure and the
Fermi surface drawn by the use of these parameters and those of the
0-model described by 7, and 7. In the 6-model the top of the band is 0.32
eV from the Fermi level, while in the exact band the corresponding value
is 0.24 eV. The obtained shape of the Fermi surface is substantially the
same with each other. These results are in agreement with the calculation
[4] displayed in Fig. 5 4.

There are the relations to the first-order linking 7, and 7, with 7,,, ¢,

andz ,1.e.,
q

t,=—t,/2 and tczltp—tql/Z . (5.15)

Due to the contribution of ¢

.- which is neglected here, the effective

parameters, ¢, and 7_, should be somewhat larger than those expected from
these relations. In fact, we have,

t,=0034>—,/2=0019¢eV, (5.16)

1,=0054>17—-11/2=0.051eV. (5.17)

The density of states (DOS) for the tight-binding bands of k- and
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0-(BEDT-TTF),I, is calculated. The transfer integrals for 6-(BEDT-TTF) I,
are taken from Ref. 13. The obtained DOS curves are shown in Fig. 5.7.
The DOS values around the Fermi level of the two models for k-(BEDT-
TTF),I, are in agreement with each other. Just below the Fermi level, a
singular point appears, which comes from the degenerate states along the
Y-M line. Another singularity at the bottom of the 6-model band arises
from pseudo-one-dimensional character near the bottom of the 0-type
band structure. This singularity is artificial, because the perturbation
theory cannot be applied around this energy region. The DOS at the
Fermi level per formula unit for a single spin was calculated; p(E;)= 3.1
eV ~! for k-(BEDT-TTF),L, (from both models) and p(E,)= 2.2 eV ~' for
0-(BEDT-TTF),I,. The latter value match with that calculated from the
effective mass band model.

Two de Haas-van Alphen (dHvA) results have been reported for the
Fermi surface of x-(BEDT-TTF),I, [40,41]. As explained in Chap. 3, the
cross-sectional area and cyclotron mass for the cyclotron orbit relevant to
the dHVA effect can be calculated from the band structure. From the
present band structure, the area of the closed pocket around the Z-point is
estimated to be 14 % of that of the first Brillouin zone. The corresponding
value from the dHVA results by Oshima et al. is 20 % [40] and that by
Wosnitza et al. is 15 % [41]. These are close to each other. The cyclotron
masses for the pocket and for the whole Fermi surface are also calculated
to be 1.2 m_ and 2.7 m_, respectively, from the band structure determined
in this study. The latter is in accord with that reported by Oshima et al.
(2.7 m,) [40], while Wosnitza et al. have stated that it is 3.9 m_[41].

Furthermore, we calculated the conductivity spectra in the framework
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of the point-charge approximation using the parameter set (¢, #,,, Z., 7).
As the DOS calculation shows, there is a peak just below the Fermi level
in the DOS curve. The electrons here are thermally excited even at room
temperature, thus introducing vacant levels below E.. Therefore, the
intensity of the interband transition from the lower band to the upper
band is expected to increase. Consequently, the low energy portion of
the interband transition should grow on increasing temperature. To examine
this effect, we take account of the temperature dependence of the Fermi-
Dirac distribution function in the calculation. Small temperature depen-
dence of chemical potential is neglected. The calculated spectra were
shown in Fig. 5.8 and the intensities were listed in Table 5.1I. The

position of the main peak, about 2500 cm™

in the Il ¢ spectra, and the
growth of the low energy portion of the transition at room temperature
are reproduced by this calculation. However, the overall intensities of the
interband transition are less than the observed ones. The hump around

3500 cm ™ in the Il b spectra cannot be given by the calculation.

Table 5.1II. Intensities of the interband transitions.

Polarization T /XK Intensity / eV?
calc.  obs.”

/I'b 300 0.14 047 (295 K)
0 0086 042(15K)
/I ¢ 300 0.058 0.34 (295 K)
0 0032 024(15K)

a) Ej f; » where the summation is taken over the

e-mv mode and the interband transitions.
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5.4. Discussion

The comparison of the reflectance spectra of k-, -, and 6-(BEDT-
TTF),I, shows that there is a definite correlation between the dimeric
arrangement of BEDT-TTF and the appearance of the non-Drude mid-
infrared absorption. In the light of the tight-binding band model, we
interpreted these mid-infrared features as the interband transitions across
the dimerization gap. This is consistent with the results for other BEDT-TTF
salts [5-15]. The calculations of the interband transitions of Kk-(BEDT-
TTF),I, give preferable peak position. On the other hand, an interdimer
charge-transfer [26] assisted by the electron-electron Coulomb repulsion
cannot explain the correlation between the spectra and the crystal structure.

The intensities of the interband transitions are calculated, taking
account of the temperature dependence of the Fermi-Dirac distribution
function. Although the qualitative tendency of the observed spectra was
reproduced by this calculation, the absolute values of the observed intensity
could not be explained. This discrepancy is conspicuous particularly at
room temperature. Similar result was found for B-(BEDT-TTF),L, [7].
The larger intensity of the interband transition requires a larger intradimer
transfer integral or smaller interdimer ones. However, the larger intradimer
integral gives too high transition energies and the smaller interdimer
integrals yield too small intraband plasma frequencies. This is a dilemma.
Thus, in order to explain the large intensity of the interband transition, we
have to take other factors into consideration.

One of the possible reasons for the discrepancy is the inaccuracy of

our simple point-charge approximation. The point-charge approximation,
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in which a molecule is treated as a point located at the center of each
molecule, is useful to predict the characteristics of the interband transition
dominated by the crystal symmetry. However, the inter-molecular dipole
moments calculated from the point-to-point vectors in this approximation
are not very precise in the real crystal.

Many-body effect may influence the infrared property. To the limit
of large intradimer Coulomb repulsion, we have one hole localized on
each dimer. Interdimer charge-transfer transition across the (extended)
Hubbard gap occurs in this localized picture. However, the observations
of the Shubnikov-de Haas effect in k-(BEDT-TTF),[Cu(NCS),] [35], the
temperature dependence of thermoelectric power in -(BEDT-TTF),L, and
K-(BEDT-TTF),[Cu(NCS),] [37] and the de Haas-van Alphen effect in
0-(BEDT-TTF), I, [38] suggest that in the metallic BEDT-TTF salts the
one-electron picture is preferable than the localized picture, at least at
low temperatures. Thereby, we surmise that the qualitative structure of
the conduction band agrees with that predicted by the band calculation,
even if the renormalization effect [42] reduces the band width.

In this picture, the intensity and the energy of the interband transition
are probably affected by the electron-electron scattering or the Coulomb
attraction within the electron-hole pair created by the excitation. Since
the metallic BEDT-TTF salts exhibit rather low dc conductivity, particularly
at room temperature, the screening effect is expected to be so insufficient
that the Coulomb interaction survives and coexists with the metallic con-
duction. Since the strong dimerization causes the system to approach the
half-filled limit, the DOS around the Fermi level is sensitive to many-body

effect. As the present calculations show, the interband transition is sensitive
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to DOS enhancement. The hump around 3500 cm™ on the Il b spectra
may indicate additional transitions assisted by these effects. Even if the
many-body effect influences the infrared transition, it should be noticed
that the transition energy does not necessarily indicate the Coulomb po-
tential energy as long as the one-electron picture holds. However, the
effect of the Coulomb interaction on the intensity of the inter-band transition
still remains unsettled. To make it clear, we need further investigations
on the conduction mechanism of these materials at high temperatures.
Very short mean free path in many organic conductors [13,43] at room
temperature is also possibly in connection with the infrared properties.
The superconducting transition temperature of K-(BEDT-
TTF),[Cu(NCS),], T, = 10.4 K [2], is about three times as large as that of
K-(BEDT-TTF),I,, 3.6 K [1], though their donor sheet structures are quite
similar to each other. Moreover, the dc conductivity of the I, salt is
metallic between room temperature and T, [1,44], while the [Cu(NCS),]
salt exhibits a resistivity maximum [2] or shoulder [11] near 100 K.
Several studies have been made on the infrared properties of the [Cu(NCS), ]
salt [11,26,29,30,45-47]. The observed line shapes of the two salts resemble
each other; no evidence for a substantial difference in the band structure
is found in the shape of the observed spectra. However, the plasma
frequencies of the I, salt are somewhat higher than those of the [Cu(NCS),]
salt. The increase in the plasma frequency indicates increase in the band
width and decrease in the density of states. In fact, the DOS at the Fermi
level per formula unit for a single spin is estimated to be 3.1 eV ~' for the
L, salt, while for the [Cu(NCS),] salt the corresponding value is deduced

as 7.1eV "' [2] (from the static paramagnetic susceptibility at room tem-
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perature) or 7.5 eV "' [11] (from reflectance spectra). Therefore, the
higher plasma frequencies of the I, salt can be related to the lower 7.
The fact that the values of the cyclotron mass of the I, salt [40,41] are
much smaller than those of the [Cu(NCS),] salt [42] also supports this
interpretation. A possible origin of the difference in the electronic structure
is the interlayer electron transfer with the help of the donor-anion interaction

[36].

5.5. Concluding Remarks

The band parameters describing the structure of the HOMO band of
K-(BEDT-TTF),I, have been estimated from the Drude plasma frequencies
by the method based on the dimer approximation developed in this work.
The advantage of this method is that the procedure requires only the
intraband plasma frequencies and that the energy dispersion can be ex-
pressed by a simple and explicit formula. This approximation, which is
formulated by use of simple perturbation theory, can be easily generalized
and should be applicable to other dimeric organic metals: other K-type
BEDT-TTF salts, 3-(BEDT-TTF),X, k-(DMET),AuBr, [48.49], k-(MDT-
TTF),Aul, [50], and so on. It has been shown that the interband transitions
across the dimerization gap [12,15] are essential to the mid-infrared ab-
sorption observed for k-(BEDT-TTF),I,. We pointed out the possibility
of many-body effect on the intensity of the optical transition. Further
investigations will be necessary to elucidate the origin of the large intensity

of the mid-infrared transitions.

166



References

1. R. Kato, H. Kobayashi, A. Kobayashi, S. Moriyama, Y. Nishio, K. Kajita, and W.
Sasaki: Chem. Lett. 507 (1987).

2. H. Urayama, H. Yamochi, G. Saito, K. Nozawa, T. Sugano, M. Kinoshita, S. Sato,
K. Oshima, A. Kawamoto, and J. Tanaka: Chem. Lett. 1988, 55; H. Mori: Int. J.
Mod. Phys. B 8 (1994) 1.

3. A. M. Kini, U. Geiser, H. H. Wang, K. D. Carlson, J. M. Williams, W. K. Kwok,
K. G. Vandervoort, J. E. Thompson, D. L. Stupka, D. Jung, and M.-H. Whangbo:
Inorg. Chem. 29 (1990) 2555.

4. A. Kobayashi, R. Kato, H. Kobayashi, S. Moriyama, K. Kajita, and W. Sasaki:
Chem. Lett. 463 (1988).

5. H. Tajima, K. Yakushi, H. Kuroda, G. Saito, and H. Inokuchi: Solid State Commun.
49 (1984) 769.

6. H. Kuroda, K. Yakushi, H. Tajima, and G. Saito: Mol. Cryst. Liq. Cryst. 12§
(1985) 135.

7. H. Tajima, K. Yakushi, H. Kuroda, and G. Saito: Solid State Commun. 56 (1985)
159.

8. H. Tajima, K. Yakushi, H. Kuroda, and G. Saito: Solid State Commun. 57 (1986)
o11.

9. K. Yakushi, H. Tajima, H. Kanbara, M. Tamura, H. Kuroda, G. Saito, H. Kobayashi,
R. Kato, and A. Kobayashi: Physica 143B (1986) 463.

10. K. Yakushi, H. Kanbara, H. Tajima, H. Kuroda, G. Saito, and

T. Mori: Bull. Chem. Soc. Jpn. 60 (1987) 4251.

11. A. Ugawa, G. Ojima, K. Yakushi, and H. Kuroda: Phys. Rev. B 38 (1988) 5122.

12. H. Kuroda, K. Yakushi, H. Tajima, A. Ugawa, M. Tamura, Y. Okawa, A. Kobayashi,

167



R. Kato, H. Kobayashi, and G. Saito: Synth. Metals 27 (1988) A491.

13. M. Tamura, K. Yakushi, H. Kuroda, A. Kobayashi, R. Kato, and H. Kobayashi: J.
Phys. Soc. Jpn. 57 (1988) 3239.

14. H. Tajima, M. Tamura, H. Kuroda, T. Mori, and H. Inokuchi: Bull. Chem. Soc.
Jpn. 63 (1990) 538.

15. A. Ugawa, K. Yakushi, H. Kuroda: Mol. Cryst. Liq. Cryst. 181 (1990) 269.

16. R. Kato, H. Kobayashi, A. Kobayashi, S. Moriyama, Y. Nishio, K. Kajita, and W.
Sasaki: Chem. Lett. 507 (1987).

17. K. Yakushi, H. Tajima, T. Ida, M. Tamura, H. Hayashi, H. Kuroda, A. Kobayashi,
H. Kobayashi, and R. Kato: Synth. Metals 24 (1988) 301.

18. The author are grateful to Professor A. Masuda, Professor H. Shimizu and Dr. K.
Takahashi for the EPMA measurement.

19. V. F. Kaminskii, T. G. Prokhorova, R. P. Shibaeva, and E. B. Yagubskii: JETP
Lett. 39 (1984) 17.

20. T. Mori, A. Kobayashi, Y. Sasaki, H. Kobayashi, G. Saito, and H. Inokuchi:
Chem. Lett. 957 (1984).

21. H. Kobayashi, R. Kato, A. Kobayashi, Y. Nishio, K. Kajita, and W. Sasaki:
Chem. Lett. 789 (1986).

22. H. Kobayashi, R. Kato, A. Kobayashi, Y. Nishio, K. Kajita, and W. Sasaki:
Chem. Lett. 833 (1986).

23.M.J.Rice, V. M. Yartsef and C. S. Jacobsen: Phys. Rev. B 21 (1980) 3437.

24.M.J. Rice: Phys. Rev. Lett. 37 (1976) 36.

25. M. Meneghetti, R. Botio, and C. Pecile: J. Physique 47 (1986) 1377.

26. K. Kornelsen, J. E. Eldridge, C. C. Homes, H. H. Wang, and J. M. Williams:
Solid State Commun. 72 (1989) 475.

27. A. Kobayashi, R. Kato, H. Kobayashi, S. Moriyama, Y. Nishio, K. Kajita, and W.

Sasaki: Chem. Lett. 2017 (1986)

168



28. M. E. Kozlov, K. I. Pokhodnia and A. A. Yurchenko: Spectrochim. Acta, Sect. A
43 (1987) 323; ibid.43 (1987) 323.

29. K. Kornelsen, J. E. Eldridge, H. H. Wang, and J. M. Williams: Solid State
Commun. 74 (1990) 501; Phys. Rev. B 44 (1991) 5235.

30. J. E. Eldridge, K. Kornelsen, H. H. Wang, J. M. Williams, A. V. S. Crouch, and
D. M. Watkins: Solid State Commun. 79 (1991) 583.

31.0. 0. Drozdova, V. N. Semkin, R. M. Vlasova, N. D. Kushch, and E. B. Yagubskii:
Synth. Metals 64 (1994) 17.

32.T. Mori, A. Kobayashi, Y. Sasaki, H. Kobayashi, and G. Saito: Bull. Chem. Soc.
Jpn. 57 (1984) 627.

33. M. H. Whangbo, J. M. Williams, P. C. W. Leung, M. A. Beno, T. J. Emge, H. H.
Wang, K. D. Carlson, G. W. Crabtree: J. Am. Chem. Soc. 107 (1984) 957.

34.T. Mori, A. Kobayashi, Y. Sasaki, and H. Kobayashi: Chem. Lett. 1923 (1982).

35. K. Oshima, T. Mori, H. Inokuchi, H. Urayama, H. Yamochi, and G. Saito: Phys.
Rev. B 38 (1988) 938.

36. D. Jung, M. Evain, J. J. Novoa, M. H. Whangbo, M. A. Beno, A. M. Kini, A. J.
Schultz, J. M. Williams, and P. J. Nigrey: Inorg. Chem. 28 (1989) 4516; 29 (1990)
1594.

37.T. Mori and H. Inokuchi: J. Phys. Soc. Jpn. 57 (1988) 3674.

38. M. Tokumoto, A. G. Swanson, J. S. Brooks, M. Tamura, H. Tajima, and H.
Kuroda: Solid State Commun. 75 (1990) 439.

39.R. V. Kasowskii, M. H. Whangbo: Inorg. Chem. 29 (1990) 360.

40. K. Oshima, H. Yamazaki, K. Kato, Y. Maruyama, R. Kato, A. Kobayashi, and H.
Kobayashi: Synth. Metals 56 (1993) 2334.

41.J. Wosnitza, N. Herrmann, X. Liu, and D. Schweizer: Synth. Metals, in press.

42. N. Toyota, E. W. Fenton, T. Sasaki, and M. Tachiki: Solid State Commun. 72

(1989) 859.

169



43. M. Weger: Phil. Mag. BS6 (1987) 889.

44.K. Kajita, Y. Nishio, S. Moriyama, W. Sasaki, R. Kato, H. Kobayashi, A. Kobayashi:
Solid State Commun. 64 (1987) 1279.

45. M. G. Kaplunov, N. D. Kushch, and E. B. Yagubskii: Phys. Status Solidi(a)110
(1988) K111.

46. T. Sugano, H. Hayashi, H. Takenouchi, K. Nishikida, H. Urayama, H. Yamochi,
G. Saito, and M. Kinoshita: Phys. Rev. B 37 (1988) 9100.

47. M. Tokumoto, H. Anzai, K. Takahashi, N. Kinoshita, K. Murata, T. Ishiguro, Y.
Tanaka, Y. Hayakawa, H. Nagamori, and K. Nagasaka: Synth. Metals 27 (1988)
Al71.

48. K. Kikuchi, K. Murata, Y. Honda, T. Namiki, K. Saito, K. Kobayashi, T. Ishiguro,
and I. Ikemoto: J. Phys. Soc. Jpn. 56 (1987) 2627.

49. K. Kikuchi, Y. Honda, Y. Ishikawa, K. Saito, I. Ikemoto, K. Murata, H. Anzai, T.
Ishiguro, and K. Kobayashi: Solid State Commun. 66 (1988) 405.

50. G. C. Papavassiliou, G. A. Mousdis, J. S. Zambounis, A. Terzis, S. Hountas, B.

Hilti, C. W. Mayer, J. Pfeiffer: Synth. Metals 27 (1988) B379.

170



Chapter 6.

Reflectance Spectra of Me,N[Ni(dmit),],
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6.1. Introduction

The anion radical salt of [Ni(dmit),], Me,N[Ni(dmit),],, is the first
example of a metallic molecular conductor based on s-radical anion and
closed-shell cation [1,2]. The reported temperature dependence of dc
resistivity of this salt is somewhat complicated [1]; it depends on the
cooling-heating cycles and is accompanied by a resistivity jump around
100 K with hysteresis or by non-metallic behavior at low temperatures.
These anomalies have been suggested to be a metal-semimetal transition
associated with the freezing of the rotational degrees of freedom of the
methyl groups [1]. The anomalies have been found to be suppressed by
application of pressure, and superconducting transition have been discov-
ered above 3 kbar, for the first time in the closed-shell cation salt of
[Ni(dmit),] [1]. The superconducting transition temperature rises with
increasing pressure, up to 5 K at 7 kbar, which is in contrast to the case of
the salts of TTF derivatives [1].

In the crystal of Me,N[Ni(dmit),],, the conduction layers of [Ni(dmit),]
and cation sheets are arranged alternately along the c-axis (Fig. 6.1) [1].
Two types of conduction layers are distinguished; the one has [Ni(dmit),]
stacks elongated in the [110] direction, and the other has the equivalent
stacks in the [110] direction. These two layers appear alternately along
the c-axis (Fig. 6.2). Two pairs of quasi-one-dimensional Fermi surfaces
are expected, each pair arising from each type of layer. Thus, the whole

system has a two-dimensional electronic structure. In fact, tight-binding
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Fig.6.2. Crystal structure of Me,N[Ni(dmit),], [1].
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Fig. 6.3. The tight-binding band structure and Fermi surface of Me,N[Ni(dmit),], inferred
from the intermolecular LUMO overlap calculations [1, 2]. The primitive lattice,
(a',b',c’), was adopted, where @ '=(a+ b)/2,b' =-b and ¢ '= - ¢. Dotted

lines indicate the Fermi surface of the adjacent conduction layer.
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band calculations based on the LUMOs of [Ni(dmit),] results in such
features (Fig. 6.3) [1]. Similar structures have been found also for a- and
B-Me N[Pd(dmit),], [3.4], Me, N[Pt(dmit),], [5], Cs[Pd(dmit),], [6] and
Me, As[Pd(dmit),], [3].

The main purpose of this study is an experimental examination of
this two-dimensional electronic band structure. The observed spectrum
should correspond to a superposition of that of the two types of layers.
However, it is possible to derive each part of the contribution, by taking
account of the fact that the two types of layers are equivalent. Furthermore,
introduction of a simplification of the molecular arrangement in the layers

affords an estimation of an approximate shape of the Fermi surface.

6.2. Experimental

The single crystal samples of Me,N[Ni(dmit),], were provided by
Prof. H. Kobayashi (Toho Univ.), Prof. A. Kobayashi (Univ. of Tokyo)
and Prof. R. Kato (Univ. of Tokyo). The black plate single crystals were
obtained by galvanostatic electrolysis of an acetonitrile solution of
Me, N[Ni(dmit),] and Me NCIO,. Polarized reflectance spectra were mea-
sured on the (001) crystal face, by the methods described in Sec. 3.1,
with the light polarization, E Il a and E Il b, which are the principal axes
within the (001) plane. The crystal axes were identified by X-ray oscillation

photographs.
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6.3. Results and Discussion

Figure 6.4 shows the reflectance spectra measured at room temper-
ature, 150 K and 25 K. The two-dimensionality is obvious, as is expected
from the crystal structure. The reflectivities at low wavenumbers are
somewhat low, particularly for E Il b. However, they are remarkably
enhanced with lowering temperature, in accord with the metallic behavior
as expected for this material. At low temperatures, the spectral shape is
basically metallic accompanied by the plasma edges around 4000 cm ™' in
the E Il a spectra and 2000 cm ™' in the E Il b spectra, though there are
small deviations from the Drude type dispersion, that is, the humps around
1100 and 1500 cm ™" in the E Il a spectra and that around 3000 cm ™ in the
E |l b spectra. The Drude-like dispersion suggests that this salt is essentially
metallic even at ambient pressure in spite of the anomalies in behavior of
the dc resistivity, at least from the viewpoint of the optical properties.
This is consistent with the suggestion that the anomalous behavior of the
dc resistivity may be caused localization due to weak randomness such as
the rotation of the methyl groups.

The small humps indicate the presence of the contribution of the
interband transitions across band gaps. In fact, weak broad maxima
corresponding to the humps can be recognized in the conductivity spectra
(Fig. 6.5) obtained by the Kramers-Kronig analysis of the reflectance
spectra. Tails of the Drude contributions are evident at low temperatures.

On the other hand, peaks of conductivity appear below 1000 cm™ in both
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Drude-Lorentz model.
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E |l a and E |l b spectra at room temperature. However, they are due to
the inaccuracy of the extrapolation of the considerably low reflectivity
data towards zero wavenumber. The extrapolation is required for the
Kramers-Kronig analysis. But it is difficult for metals with low reflectivity,
because reflectivity should increase very rapidly towards zero wavenumber
outside the experimental region. So that, the peaks should be regarded as
artificial ones, and do not necessarily imply the gap formation at room
temperature.

In order to extract the contribution of the intraband transitions (the
Drude terms), a curve-fitting analysis of the reflectance spectra was carried

out, on the basis of the Drude-Lorentz dielectric function,

lor2
e(w)=¢.—w, /[ (0*+iw /T) +Efj /(0 -0 -iy,0]. (6.1)
i=1

The first term in the right-hand side of Eq.(6.1), the Drude term, describes
the intraband transitions. The second term stands for the interband transi-

"and

tions corresponding to the conductivity maxima around 1600 cm ™
4000 cm ™" in the E |l a spectra and that around 4000 cm ' in the E Il b

spectra. The reflectivity is related to dielectric function by the equation,

R=[1+lel-V2(lel+Re(e))]/[1+1e 1+V2(Ilel+Re(e))].
(6.2)

The obtained parameters are summarized in Table 6.1. At room temperature,
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the fitting results are not reliable because of the too damped Drude contri-

butions.

Table 6.I. Drude parameters obtained by the
Drude-Lorentz fit of the reflectance

spectra

Polarization T/ K ¢, @ /eV T “1/eV

/Ila 150 3.1 0.75 0.083
25 2.8 0.69 0.040
11'b 150 4.1 041 0.094

25 4.1 041 0.038

The squares of the obtained plasma frequencies, a)pz, are the sums of
the contributions of the two types of [Ni(dmit),] layers with different
orientations. Since the a- and b-axes are the principal axes of the crystal
and the two types of layers are equivalent, the sum is simply the twice of
a)p2 of the one type of the layer. In this way, the observed values of pr
can be compared with those calculated from the band structure.

The calculations of inter-molecular overlap integrals of
Me,N[Ni(dmit),], suggest the following features. The amplitudes of the
two intrastack transfer integrals are almost equal to each other, and they
have opposite signs. Only one type of transfer integrals is predominant
among the interstack ones, referring to that marked by the symbol p in

Ref. 1. Thereby, the band structure of this salt is approximately described
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by the two transfer integrals, the intra- and interstack ones, f, and ¢,,
respectively, as schematically illustrated in Fig. 6.6. This approximation,
i.e., the assumption of no dimerization in a [Ni(dmit),] stack, is also
supported by the weakness of the observed interband transitions.

The plasma frequencies can be calculated from the band structure by

the equations,
(a)pz) =2 (/) (nt/ ¢ sin ﬁ)fl (vp), I dky, (6.3)
(a)lf)b =2 (e*/ 7h) (m/ ¢ sin P) f I (vp), | dkg, (6.4)

where the factor 2 stands for the sum over the two different [Ni(dmit),]
layers, and (v;), and (vp), are the a- and b-components of the Fermi

velocity, v, given by,
v.=h"'grad, Et,,t;k,k); E=E, (6.5)

The band filling, which determines the Fermi energy E_, is set to be 1/4,
as inferred from the stoichiometry. By use of these equations, the optimal
set of ¢, and ¢, which reproduces the observed plasma frequencies was
searched. When the values of plasma frequencies at 25 K, (o), = 0.69
eV and (o), = 0.41 eV, together with the lattice parameters at 95 K, a =
13.675,b = 6.476, c = 36.048 A and B=94.74", are used, the results =
0.10 eV and z, =0.052 eV are obtained.

Figure 6.7 shows the band structure and Fermi surface estimated in

this way. The overall shapes of the band dispersion and the Fermi surface
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Fig. 6.6. Schematic display of the two dominant intermolecular interactions,

t; and ¢, in the conduction layer of Me,N[Ni(dmit),],.

/
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Energy/eV
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Fig. 6.7. The band structure and the Fermi surface inferred from the optical results at 25 K.

The primitive lattice, (a ', b ', ¢ '), was adopted, where @ '=(a+ b) /2,b' =-b
and ¢ '=—c.
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are in agreement of those of the calculated ones (Fig. 6.3). The optical
results give slightly larger corrugation of the quasi-one-dimensional Fermi
surface. This comes from the larger ratio z,/t, = 0.52; the corresponding
ratio is about 0.3 according to the band calculations. This deviation may
stem partly from the simplification of the molecular arrangement introduced
in the analysis of the optical data.

In the light of this band structure, the interband transitions appear
around 4000 cm™ are ascribable to the transitions from around the bottom
of the lower band to around the top of the upper band. Such transitions
for zigzag stacks, as in this material, should have larger intensities for the
light polarization perpendicular to the stacks, which is consistent with the
observation. The transition energy of them corresponds to the overall

width of the LUMO bands, which is slightly larger than 4.

6.4. Conclusion

The reflectance spectra of Me N[Ni(dmit),], suggest that this salt is
essentially metallic even at low temperature, in spite of the non-metallic
behavior of the dc resistivity. The band structure and the Fermi surface
deduced from the Drude plasma frequencies are consistent with the tight-

binding calculations.
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Chapter 7.

Reflectance Spectra of a-Et,Me,N[Ni(dmit),],

185



7.1. Introduction

The anion radical salt of [Ni(dmit),], a-Et,Me N[Ni(dmit),],, retains
metallic conductivity down to liquid helium temperature [1]. Three mod-
ifications, a-, B- and y-types, have been hitherto identified in this compound
[2]. The B-type is semiconducting. The a-type exhibits resistivity jump
at 240 K due to cracks of the crystals caused by the abrupt structural
phase transition, which has been revealed very recently [2]. The y-type
crystal shows smooth decrease in resistivity down to low temperature [2].

The crystal of a-Et,Me,N[Ni(dmit),], is composed of the conduction
layers of [Ni(dmit),] and cation sheets, which are arranged alternately
along the a-axis [1]. In the [Ni(dmit),] layers, all the molecular planes
are almost perpendicular to the c-axis and the molecules are packed in a
face-to-face fashion. However, there is a special characteristic overlapping
mode in this crystal, which is called as the "spanning overlap" mode [1].
That is, a molecule overlaps with two molecules equivalently, in this
mode (Fig.7.1). As aresult, molecular bridging array is formed. Another
significant overlapping mode is a conventional face-to-face one to form a
dimeric packing of [Ni(dmit),]. The calculations of the intermolecular
overlap integrals [1] have shown that these two overlaps are dominant.
These interactions afford a honey-comb-like two-dimensional network.
According to the tight-binding band calculations [1], this molecular ar-
rangement in fact yields two-dimensional Fermi surface (Fig. 7.2). The
shape of the Fermi surface is similar to those of the typical two-dimensional
BEDT-TTF salts with the k-type structure. Therefore, this structure is an

important example providing a way to construct a two-dimensional structure
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Fig.7.1. Top: Arrangement of [Ni(dmit),] in the conduction layer of a-Et,Me,N[Ni(dmit),],

[1]. Bottom: Spanning overlap mode, designated as p1 in the top.
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Fig. 7.2. The tight-binding band structure and Fermi surface of a-
Et,Me,N[Ni(dmit),], inferred from the intermolecular LUMO overlap

calculations using the room temperature structure [1].
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Fig. 7.3. The tight-binding band structure and Fermi surface of o-Et,Me,N[Ni(dmit),],
inferred from the intermolecular LUMO overlap calculations using the crystal
structure at 11 K [2]. The doubled periodicity along the b-axis is omitted for

simplicity.
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only by the face-to-face overlapping most favored by planar sr-molecules.
Similar molecular packing is also found for o-(C. H N)[Ni(dmit),],, where
C.H,N" is piperidinium cation [3].

However, the recent low temperature X-ray study has revealed that
the crystal structure below the phase transition at 240 K is more complicated
than that at room temperature [2]. The phase transition is associated with
an ordering of Et Me,N™ cations and changes in the locations of [Ni(dmit),].
The low temperature structure includes two independent [Ni(dmit),] layers
arranged alternately along the a-axis. Though the molecular arrangement
in each layer still includes the spanning overlap modes and is similar to
that of the room temperature structure, the band structure and the Fermi
surface are modified into those shown in Fig. 7.3 [2]. This low-temperature
band structure can explain several features of the recent measurements of
the magnetoresistance and the Shubnikov-de Haas effect [4,5].

The main purpose of this study is the experimental examination of
the two-dimensional electronic structure of this material and the estimation
of the transfer integral corresponding to the spanning overlap. For this
purpose, the anisotropy of the intensities of intraband transitions can be
used. The analysis of the optical properties may be involved due to the
complicated low temperature structure. Nevertheless, it is interesting to
examine what information is provided by the optical measurements applied

to such a complicated situation.

189



7.2. Experimental

The single crystals of a-Et, Me N[Ni(dmit),], are provided by Prof.
H. Kobayashi (Toho Univ.), Prof. A. Kobayashi (Univ. of Tokyo) and
Prof. R. Kato (Univ. of Tokyo). Galvanostatic electrochemical oxidation
of Et,Me,N[Ni(dmit),], in an acetonitrile-acetone (1:1) solution containing
EtMe,NCIO, as supporting electrolyte, yielded black plate single crystals.
Polarized reflectance spectra were measured on the (100) crystal face, by
the methods described in Sec. 3.1, with the light polarization, E Il b and E
Il ¢, which are the principal axes within the (100) plane. The crystal axes

were identified by X-ray oscillation photographs.

7.3. Results and Discussion

Figure 7.4 shows the reflectance spectra measured at room temper-
ature, 200 K, 100 K and 25 K. The spectra clearly show the two-
dimensionality of this salt, with the plasma edges appearing around 2000
cm ™ for E Il b and 4000 cm ™' for E Il ¢. As is expected for metals, the
plasma edges become sharper with decreasing temperature accompanied
by the increase in reflectivity at low wavenumbers. No significant change
was observed on the Drude-like spectral shape at low wavenumbers in
the cooling through the phase transition. However, non-Drude features
grew around 4000 cm ™' with lowering temperature, which can be seen as

small humps in the reflectance spectra.
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The deviation from the Drude behavior indicates the presence of the
contribution of the interband transitions across band gaps. In fact, broad
maxima corresponding to the humps can be recognized around 4000 cm ™'
and around 7000 cm™ for both polarizations in the conductivity spectra,
which were obtained by the Kramers-Kronig analysis of the reflectance
spectra (Fig. 7.5). The contribution of the interband transitions is relatively
small, particularly at room temperature. This is in contrast to the spectral
features of the dimeric k-type BEDT-TTF salts (see Chap. 5) [6], in spite
of the resemblance of the shape of the Fermi surface (Fig. 7.2). From this
it follows that the dimeric character in a-Et,Me,N[Ni(dmit),], is not re-
markable from the viewpoint of the electronic structure. In other words,
at least one of the interdimer transfer integrals, such as the spanning
overlap one, is comparable to the intradimer one. The increase in the
intensities of the interband transitions with decreasing temperature, on
the other hand, suggests a gradual structural change such that modifies
the character of the electronic structure, and may be related to the relative
displacement of the [Ni(dmit),] molecules shown by the low temperature
X-ray study [2].

In order to extract the contribution of the intraband transitions (the
Drude terms), a curve-fitting analysis of the reflectance spectra was carried

out, on the basis of the Drude-Lorentz dielectric function,

lor2
e(@)=¢.- 0l (0+iw /D + X f /(0 -0 -iyol. (1.1
i=1

The first term in the right-hand side of Eq.(7.1), the Drude term, describes
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the intraband transitions. The second term stands for the interband transi-
tions corresponding to the conductivity maxima. The reflectivity is related

to dielectric function by the equation,

R=[1+1lel-V2(el+Re(e))]/[1+1e 1+V2(Ilel+Re(e))].
(7.2)

The obtained parameters are summarized in Table 7.1. The solid curves
in Fig. 7.4 stand for the calculated spectra based on these parameters.
The fitting results are much less reliable for the room temperature data
because of the overdamped (small 7) shape of the plasma edges.

If we consider only the two dominant transfer integrals, ¢, and ¢,,
within the [Ni(dmit),] layer, the band structure can be explicitly expressed

as the form,

E(k,, k) =+ [t,> +4t,> cos*(b -k, 2) + 4t1,t,cos(c *k,/ 2) cos(b -k, / 2)]''?,
(7.3)

where ¢, is the intradimer transfer integral and 7, is that corresponds to the
spanning overlap. For the lower branches, which concern the Fermi
surface, only the case of E(k,, k) <0 should be considered. The situation
described by this model is schematically illustrated in Fig. 7.6. This band
model brings about the degeneracy at the boundaries of the first Brillouin
zone, in accord with the assumed high symmetry.

The squares of the obtained plasma frequencies, a)pz, can be calculated

from this band structure described by ¢, and ¢#,. That is to say,
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Table 7.1. Drude parameters obtained by the Drude-

Lorentz fit of the reflectance spectra

Polarization T/ K ¢, w /eV T~ '/eV

I1'b 295 4.0 0351 0.27
100 42 0.52 0.077
25 4.1 052 0.061

/lc 295 1.2Y 0.67 0.26
100 3.1 0.73 0.082
25 3.1 0.73 0.065

a) In the fitting of this spectrum, the near-infrared
line-shape used is different from those of the other

cases. This results in the small value of E..
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Fig. 7.6. Schematic display of the two dominant intermolecular interactions in the
conduction layer of a-Et,Me,N[Ni(dmit),],. The spanning overlap

corresponds to 7,.



(®2),=2 (&) h) 2n/ asin p) Jro,1dx, (7.4)
(@}, =2 (&/7*h) 2n/asin p) [, 1dk, . (7.5)

where (v;), and (v;), are the b- and c-components of the Fermi velocity,

V., given as
v.= h ' grad , E(t,,t; k,k); E=E,. (7.6)

Half-filling over the lower two branches, i.e., 1/4-filling for the overall
LUMO band, is assumed so as to satisfy the requirement of stoichiometry.
This determines the Fermi energy E.. By use of these equations, the
optimal set of ¢, and ¢, which reproduce the observed plasma frequencies
were searched. For example, when the values, (a)p)b =0.67 eV and ((up)C
=0.52 eV, at room temperature are used together with the lattice constants
at room temperature, a = 38.95 A, b=6494 A, ¢ =13.835 A and p=
99.63 °, the transfer integrals are estimated to be 7, = 0.09 eV and ¢, =
0.11 eV. As was expected from the spectral features, the intra- and
interdimer interactions are comparable to each other.

Before applying this method to the low temperature spectra, the
effect of the structural phase transition [2] should be considered. A
possible interpretation of the low temperature Fermi surface is as follows.
There are two independent [Ni(dmit),] layers, between which only very
weak interlayer interactions are found. Each layer, having a similar

structural character, forms each two-dimensional band. However, the
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difference in the position and width between these bands split the degenerate
Fermi surface into the larger and smaller ones. Moreover, the larger
Fermi surface changes its topology into the one open along the c-axis due
to the reconstruction around the I" point, while the small one almost
retains its original topology. This situation is depicted in Fig. 7.7, where
the solid and dotted lines show the smaller closed Fermi surface and the
larger open one, respectively, and the doubled periodicity along the b-axis
is omitted for simplicity. The magnetoresistance and SdH results have
been interpreted in terms of the small Fermi surface [5].

It seems quite natural to regard the observed optical properties at
low temperatures as the average of the large and small Fermi surface. If
this is the case, the analysis of the optical data should yield an intermediate
shape of the Fermi surface between the two. By use of the values at 25
K, (a)p)b =0.73 eV and (a)p)c = (0.52 eV, and the lattice constants at 11 K,
a=37499 A, b=6444 A, c=13.718 A and 8 = 92.69 °, the transfer
integrals were estimated to be <t > = 0.12 eV and <z,> = 0.10 eV from
the same method as above, where the brackets denote the average over
the two different [Ni(dmit),] layers. Figure 7.8 shows the band structure
and the Fermi surface based on these average values.

The validity of this estimation can be checked by the comparison
with the results of the SdH and magnetoresistance oscillations. The
cyclotron mass for the small Fermi surface connected by the magnetic
breakdown effect has been reported to be m* = 4.3 = 0.2 m_, with the
corresponding cross-sectional area of 85.9 % of the first Brillouin zone
[4,5]. The cyclotron mass can be calculated also for the average Fermi

surface based on the optical results, by use of the relation,
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Energy

Fig. 7.7. The band structure and Fermi surface split due to the structural transition.
A possible assignment of the character is indicated by the solid and
dotted lines. Only the lower half of the LUMO band is shown.
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Fig. 7.8. The average band structure and Fermi surface inferred from the optical data at 25 K.
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<m*>=(h*/2n)(dS/dE); E=E, (7.7)

where § is the cross-sectional area. This yields <m* > = 4.3 m_, which
coincides with the observed cyclotron mass for the smaller Fermi surface.
Note that the cross-sectional area is assumed to be 100 % in the analysis
of the optical data. The optical results would give the cyclotron mass for
the smaller Fermi surface slightly less than <m* > = 4.3 m_, because the
smaller Fermi surface corresponds to the wider band according to Fig.
7.7. Considering the simplicity of the approximation made for such a
complicated low temperature Fermi surface, this result does not seem to
be inconsistent with the observed cyclotron mass. The origin of the
difference may be attributed to the modified topology of the large Fermi
surface around the I" point (Fig. 7.7).

Next, the value of the Fermi wavenumber inferred from the angle
dependent magnetoresistance oscillation is considered. For the diameter
of the closed portion of the small Fermi surface around the Z point, 0.29
b* along the c-axis, is suggested by the magnetoresistance results [5].
The corresponding value for the average Fermi surface should be slightly
larger, and calculated to be 0.32 b* from the optical results. This result is

satisfactory.

7.4. Conclusion

The present results can be regarded as the estimation of the averaged

geometry of the multiple Fermi surfaces emerging from the two independent
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[Ni(dmit),] layers. The transfer integrals estimated from the low temper-
ature data should be the average of the corresponding ones over the
independent layers. The present study well illustrates the nature of the
optical investigation of the Fermi surface using the intraband transitions.
The intraband transitions are less sensitive to the detailed features of the
Fermi surface as in the low temperature one in this case. Nevertheless,
they efficiently reflect the global and overall geometry of the Fermi surface
and always afford the satisfactory estimation of the basic dimensionality

of a metal, whatever the detailed structure of the Fermi surface is.
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Chapter 8.

Reflectance Spectra of x-(DMET),AuBr,
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8.1. Introduction

An organic i-donor, DMET (dimethyl(ethylenedithio)diselenadithia-
fulvalene) is the hybrid molecule between TMTSF and BEDT-TTF as
shown in Fig. 8.1. The TMTSF salts are the first family of organic
superconductors [1,2]. They favor a quasi-one-dimensional structure and
have spin-density-wave phase at low temperature [2,3]. In contrast to
them, a variety of two-dimensional molecular pickings are found in the
BEDT-TTF family [4]. The DMET family salts were synthesized with
the expectation that they can fill the gap between the TMTSF and BEDT-
TTF families [5]. In fact, the DMET family includes both a quasi-one-
dimensional conductor similar to the TMTSF salts and a two-dimensional
conductor similar to the BEDT-TTF salts [6-12]. The DMET family has
afforded 7 superconductors, for the first time as radical salt based on a
non-symmetric molecule.

The salts, (DMET),AuBr,, crystallizes at least in two different mod-
ifications [13,14]. The crystals of k-(DMET),AuBr, can be categorized
into two groups, r, and r,, by the difference in the electric properties (Fig.
8.2) [14]. Both show a resistivity maximum around 150 K (=T _ ).
Around this maximum, only the r, crystals exhibit an "anti-hysteresis"
[14]. The r, crystal is an ambient pressure superconductor with the
transition temperature 7= 1.9 K, while the r, ones are metallic down to
0.5 K without superconductivity [14]. In spite of these differences, the
crystal structures of the r, and r, samples are substantially the same. A
crystal of the r, type is picked up in this study. The crystal structure is

the so-called k-type one, with the space group P2 /a, in which dimers of
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Fig. 8.1, Chemical Structures of TMTSF (tetramethyltetraselenafulvalene), BEDT-TT]
(bis(ethylendithio)tetrathiafulvalene), DMET (dimethyl(ethylenedithio)disele

dithiafulvalene).
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Fig. 8.2. Temperature dependence of electric resistivity of the three types of (DMET),AuBr,.
The types, pl and p2, belong to k-(DMET),AuBr,.
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Fig. 8.3. Crystal structure of k-(DMET) ,AuBr, projected on to the ab-plane.
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DMET molecules are arranged to form a two-dimensional packing within
the ab-plane (Fig. 8.3) [14]. In the dimer, molecules are related to each
other by the inversion symmetry.

In this study, the difference between the optical properties above
T . and those below T is first focused on. Second, the intensities of
the intraband transitions at low temperature are analyzed in order to

estimate the electronic structure. The results are compared with the dHVA

experiments. A comparison with the BEDT-TTF salts is also given.

8.2. Experimental

Single crystals of k-(DMET),AuBr, were provided by Prof. Kikuchi
(Tokyo Metropolitan Univ.). The crystals were grown by electrochemical
oxidation of DMET in chlorobenzene with (n-C,H,),NAuBr, as a supporting
electrolyte [13]. The most developed crystal face is the (001) one, with a
rhombus-like shape. The reflectance spectra were measured on this face,
with the light polarization E |l @ and E Il b, i.e., parallel to the two
principal axes within the ab-plane. The crystal axes were identified by
X-ray oscillation photographs. The measurements of the spectra were

carried out by following the method described in Sec. 3.1.

8.3. Results

8.3.1. Spectral Aspects
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Fig. 8.4. Reflectance spectra of k-(DMET),AuBr,.
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Figure 8.4 shows the reflectance spectra measured at room temper-
ature, 160 K, 80 K, 50 K and 20 K. The overall spectral shapes are

similar to those of the k-type BEDT-TTF salts [15]; there are remarkable

deviations from the Drude behavior, i.e., the humps around 3000 cm ™

and the prominent peaks at about 1300 cm ™

the cases of dimeric BEDT-TTF salts [15], this non-Drude behavior is

. As we have pointed out in

ascribable to the strong interband transitions stemming from the dimeric
structure of the donor molecule. The structures around 3000 cm ' is
attributable to the interband transitions, whose character is close to that of
the intradimer transitions. The peaks at about 1300 cm ™' are considered
to be due to the electron-molecular-vibration coupling corresponding to
C=C stretching modes. This can be induced by the interband transitions.
At room temperature and 160 K, that is, above T, the reflectivity
is constant or slightly decreasing below 1000 cm™" towards low wavenum-
ber. This suggests that the intraband transitions are considerably sup-
pressed. On the other hand, at 80 K, 50 K and 20 K, the reflectivity
increases below 1000 cm ™ towards low wavenumber, indicating the con-
tribution of the intraband transitions. Figure 8.5 shows the conductivity
spectra obtained by the Kramers-Kronig analysis of the reflectance spectra.
Above T __, the conductivity seems to decrease rapidly towards zero when
zero wavenumber is approached, indicating the absence of the intraband
transitions. Below T, the conductivity value extrapolated to zero wave-
number does not seem to drop to zero. Thus, the optical properties above
and below T are in remarkable contrast. These features are consistent
with the dc resistivity behavior. This indicates that the change in the

electronic properties through the resistivity maximum concerns not only
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Fig. 8.5. Conductivity spectra of k-(DMET),AuBr,.
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the states just near the Fermi level but also those lying over the energy
width of, at least, 0.1 eV.

Another noticeable point is the splitting of the broad peaks of the
interband transitions below T (Fig. 8.5). This is observed both for the
E |l a and E |l b spectra, and is evident also in the reflectance spectra (Fig.
8.4). The splitting width seems to increase with decreasing temperature.
A similar splitting was reported also for a-(BEDT-TTF),I, [16]. However,
the origin should be different, because the splitting in a-(BEDT-TTF) I,
accompanies the transition to the low temperature insulating phase; the
splitting in k-(DMET),AuBr, appears when the material becomes metallic.
Moreover, as is noticed by the first order character of the metal-insulator
transition of a-(BEDT-TTF),L, the appearance of the splitting can be
related to the structural change, whereas no structural phase transition has
been found in k-(DMET),AuBr,. Further discussion about this splitting
will be given below in connection with the non-metallic resistivity behavior
aboveT .
8.3.2. Estimation of Band Structure

In order to extract the intensities of the interband transitions at low
temperature, a curve-fitting analysis based on the Drude-Lorentz model,

3or4
e(w)=¢.—w, /(04w /1) + Efj/ (0’-w’)-iyw]. (8.1
i=1

was carried out. The reflectivity is related to dielectric function by the
equation,
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Table 8.I. Drude parameters at 20 K obtained by the

Drude-Lorentz fit of the reflectance spectra.

Polarization ¢, w/eV T “1/eV

II'b 33 0.72 0.035
/Ila 32 0.48 0.061
1 OO d) ) LI | I I I I I I LI I I

80

60

40

Reflectance / %

20

O Lo ] 1 ] | Ot

1 > 5 10 25
Wavenumber / 108 cm -1

Fig. 8.6. Reflectance spectra at 20 K. Solid curves shows the fit to the Drude-

Lorentz model.
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R=[1+lel=V2(el+Re(e)]/[1+le 1+Vv2(lel+Re(e)].
(8.2)

The first term in the right-hand side of Eq.(8.1) stands for the constant
contribution from the higher energy transitions outside the experimental
spectral region. The second term, the Drude term, gives the contribution
of the intraband transition. The third term describes the contribution of
other transitions: the interband transitions, the e-mv coupling modes. We
empirically expressed the interband transition as a superposition of two
Lorentzian oscillators to describe the split shape of the interband transition.
The relatively small contributions of the intraband transitions, as compared
with those of the interband ones, result in less satisfactory convergence of
the fitting, particularly for the 80 K and 50 K data. For the 20 K spectra,
the curve-fitting results were shown as the solid curves in Fig. 8.6, together
with the observed data points. The obtained parameters related to the
intraband transitions were compiled in Table 8.I.

The same method which was applied to the case of k-(BEDT-TTF),I,
(see Chap. 5) [15], is applicable again to the estimation of the band
structure of this material, because of the symmetry of the packing of
dimers. This method is based on the two effective interdimer transfer
integrals, 7. and # , which describe the band structure near the Fermi
surface. The definition of them is given in Fig. 8.7. In this method, the
conduction bands are regarded as those formed from the anti-bonding
state of the dimer; the effective Hamiltonian, which is derived by treating
the interdimer transfer integrals as perturbation to the energy splitting due

to the strong intradimer interactions, is used to describe the band structure.
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Fig. 8.7. Schematic display of the effective interdimer interactions.

0.2

0.1

Energy / eV

Fig. 8.8. The band strcuture and the Fermi surface estimated from

the optical data at 20 K.
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The band structure is expressed as,

E(k,k)=21, cos(bk)*4tcos(ak/2)cos(bk/2). (83)

When the intraband plasma frequency values at 20 K given in Table 8.1
are used together with the lattice parameters at room temperature, a =
11.542, b = 8.238, ¢ = 16.168 A and B =90.99 °, the two transfer
integrals are estimated to be 7, = 0.024 eV and ¢, = 0.031 eV. The band
structure and the shape of the Fermi surface calculated by use of these
parameters are displayed in Fig. 8.8.

The results are compared with the those of the dHvVA experiments
[17], in order to check the validity. From the above band structure
inferred from the optical data, the values of the cyclotron mass and the
cross-sectional area can be calculated both for the large and small cyclotron
orbits (marked by the o and 3, in Fig. 8.8) detected in the dHvA experiments.
The cyclotron masses for the o and  orbits are calculated to be m* ™ =
3.4 m_ and m*ﬁOpt = 5.6 m_, respectively, from the optical results. The

corresponding values deduced from the dHVA results are, m* “"* = 3.8

dHvA

m, and m*;

= 6.0 m_ [17]. The agreement is satisfactory. The cross-
sectional area for the 3 orbit should be 100 % of the first Brillouin zone,
in both results. The a orbit has the cross-sectional area of 26 % of the
first Brillouin zone according to the dHVA optical results [17], while the
corresponding value from the optical results is 21 %, which is slightly
underestimated probably due to the simplification of the band structure

using the dimer-based model. However, it can be concluded that the

band structure derived from the optical data is consistent with the dHvA
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results upon the whole.

It should be noted that the values of the cyclotron mass in
K-(DMET),AuBr, are larger than those of k-(BEDT-TTF),I,. There are
several reports which point out the correlation between the mass-
enhancement and high 7', in a series of BEDT-TTF superconductors [18].
The mass-enhancement involves the enhancement of the density of states
at the Fermi level. As the origin of the mass-enhancement, the role of the
electron correlation has been suggested [18]. The cyclotron mass of
K-(DMET),AuBr, is as heavy as those of a class of BEDT-TTF salts with
T, =ca. 10 K. However, T, of k-(DMET),AuBr,, 1.9 K, is lower than
those of the 10 K class BEDT-TTF superconductors. The mass of
K-(DMET),AuBr, is about twice as heavy as that of k-(BEDT-TTF),I,,
though T, of the former is about half as low as that of the latter, 3.6 K.
From these facts, it follows that not only the mass (and density of states)
but also the nature of the molecule is responsible for 7. This means that
the argument on the correlation between the mass and 7, cannot be applied

over systems based on different molecules.

8.4. Discussion

Let us return to the temperature dependence of the spectral shape.
Usually the absence of the intraband transitions is evidence for the gap
opening around the Fermi level. On the other hand, from an ESR study,
it is concluded that the spin susceptibility is Pauli-like and insensitive to

temperature above 50 K and that the temperature dependence of the ESR
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line width well corresponds to that of the dc resistivity [19]. It is suggested
from the ESR results that the anomalous non-metallic behavior has a
dynamical origin such as some unusual molecular vibrations [19]. In
fact, a simple band picture of a metal cannot explain both the absence of
the intraband transitions and the Pauli-like susceptibility. It is, therefore,
likely to think that the intraband transitions disappear due to some dynamical
disorder above T __. In this picture, the coherence of the Bloch wavefunc-
tions is considered to be destroyed by strong inelastic scattering due to
the dynamical disorder. Consequently, the mobility and the mean free
path of the charge carriers would be suppressed, without drastic change
in long-time average of the band structure. The conduction in such a
situation should resemble to the hopping one. The seeming optical gap
width, below which the optical intraband transitions are suppressed, has
been found to amount to about 0.1 eV. Roughly speaking, this is a
measure of the characteristic energy of the disorder or of the inelastic
scattering. The order of magnitude seems to support the suggestion that
the origin of the dynamical effect may be some molecular vibration [19].
In this connection, the broadening of X-ray diffraction peak around”__ is
also suggestive [20].

The splitting of the interband transitions is next focused on. The
interband transitions occur mainly across the gaps between the lower
doubly split band and the highest branch. Therefore, the splitting in the
spectra observed below T may reflect the splitting of the lower band.
If this is the case, the disappearance of the spectral splitting above T’
can be explained as follows. According to the uncertainty principle, the

dynamical effect above T removes the physical meaning of the detailed
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band structure; only coarse-grained features with the scale of about 0.1
eV can remain. The splitting of the lower band is thus obscured, as well
as the spectral splitting.

It should be noted that even the other molecular conductors with no
resistivity maximum are close to such a dynamically disordered situation.
This is based on the fact the mean free path of the charge carriers is very
short. However, an exact and explicit treatment of such a dynamically
disordered state of metals has not been established yet. Thus, detailed

quantitative analysis of the anomalous behavior is not available.

8.5. Conclusion

The optical properties of k-(DMET),AuBr, correlate with the anom-
alous resistivity behavior. The correlation appears not only in low wave-
number region but also the in the spectral shape in the mid-infrared
region. This suggests the dynamical origin of the non-metallic behavior
of dc resistivity at high temperature. The analysis of the intraband transitions
at low temperature yields the band structure and Fermi surface consistent

with the dHVA results.
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Chapter 9.

Concluding Remarks for the Present Thesis
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In this study, the intermolecular transfer integrals have been derived
from the optical data in the five organic m-molecular conductors. Thus, it
has been shown that the band structures and Fermi surfaces are essentially
understandable in the framework of the simple tight-binding model, al-
though there remain some subtle discrepancies between the optical results
and the transport results. This is the first demonstration of the determination
of the Fermi surface by the optical experiments, which can be compared
with the transport results. The findings of the materials having rather
high symmetries of the molecular arrangements have enabled this study.

It may be surprising that the conduction bands of these materials are
composed only of one frontier molecular orbital on each molecule. This
has made the analysis of intraband transitions very easy, in spite of the
complicated structure of the materials. The strong correlation between
the interband transitions and the dimeric structure also supports this view
(see Chap. 5 and Appendix A.). Except for a few examples such as
[Pd(dmit),] salts [1-3], the intramolecular electronic degrees of freedom
play only a minor role in the conduction. Only other kinds of flexibility,
such as molecular vibrations, can contribute to subtle features of the
electronic properties in most cases.

From this point of view, a molecule having degenerate frontier levels
or another molecular level very close to the frontier level is of great

interest. The carbon cluster, C

- belongs to this class of molecules. The

high symmetry of the molecule is essential for such a situation. Such
kind of molecules have attracted attentions mainly from the magnetic
point of view, because the degeneracy of molecular levels should induce

the local magnetic interactions. However, the donor or acceptor molecule
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with high symmetry would afford also some novel features in molecular
conductors, because the electronic flexibility of the molecule can directly
affect the conduction in such a case. This strategy would be also useful
in controlling the dimensionality and the electron correlation by the mo-
lecular degrees of freedom. In this connection, the finding of the very
small three-dimensional Fermi surface in 6-(BEDT-TTF),I, [3] (Sec. 4.7)

is a suggestive result.
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A. Disappearance of Interband Transition

due to Symmetry of Molecular Arrangement

In the following, a rule for disappearance of the optical interband
transition due to crystal symmetry is shown. The conventional selection
rule for interband transtitions concerns the transition probability at a special
k-point. On the other hand, this rule states that the optical interband
transition disappears over the whole region in the first Brillouin zone, if
the light polarization and the crystal structure satisfy the following condi-
tions:

1) The crystal has an n-fold non-symmorphic symmetry operation

along the x-direction (principal axis).

i1) The light polarization is parallel to the x-direction.

ii1) All the molecular orbitals (MOs) relevant to the conduction bands

are equivalent to each other.

1v) The number of the MOs relevant to the conduction bands in the

unit cell is not more than n.

The non-symmorphic symmetry operation is defined as the symmetry
operation accompanied by the translation by 1 / n of the unit lattice
vector, where n = 2, 3, 4, or 6. This category comprises the screw and
glide mirror operations. The condition 1i1) is satisfied, at least approx-
imately, for wide range of the molecular conductors based on radical
salts. The tight-binding approximation is applied here; the MOs are the
Wannier functions for the conduction bands. The rule is analogous to the
extinction rules in the diffraction crystallography, and illustrates the role

of the interband transition as a probe to the symmetry of molecular packing.
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The interband optical spectra for the light polarized in the x-direction
with the frequency, w, is described by the optical conductivity (see Sec.

2.4),

o (0)= 2/iVh® Y <jlI[H,P]1j><j'|[H P]lj>
35’
X fE) [1-E )] (@] o) | @= o, +Hyw) , (A1)

where V is the crystal volume, j and j' are the electronic states of the

crystal, and
ho, =E-E.) , (A2)

is the energy of the transition from the state j to j'. The function f(FE)

stands for the Fermi distribution, and,

H= >t a' a_ , (A3)
m, m’
and,
P=e>®R) a a_, (A4)
m,m’

are the Hamiltonian and the x-component of the electronic dipole, respec-
tively, where ¢ is the transfer integral between the molecules m and m’,
(R ), the x-component of the position vector pointing the molecular site

m. And a' and a are the creation and annihilation operators of electron,
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respectively. These are corresponding to the MOs on the sites m and m .
Here it is assumed that each molecule has only one MO (Cf. the condition

iii)). Tt follow that

H,Pl=eYt, (R, .).a' a,, (A.5)
where,
R,.). =R, ~-R.),. (A.6)

Since [H, P_] is an anti-Hermitian, [H, Px]j,j =0 when [H, Px]jj, .
Suppose that the unit cell contains u,, molecules. In the reduced

zone scheme, this results in u,, bands. The vertical optical transition

form the M 'th band to M’ 'th band at wavevector k is prescribed by the

matrix element,
<V, X,  >=<¥ \[HP]IW¥Y, >. (A7)

The wavefunction is given by

Uy
W, D=2C . ¥, (@), (A83)

u=1

¥, (@) =N""?Y exp(~ik ‘R)) x,(r-R)), (A9)
l
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where N denotes the number of unit cells in the crystal, and R, the
position of the unit cell, /. The summations in Egs. (A.8) and (A.9) are
taken over the unit cell and the crystal, respectively. The coefficient in
Eq. (A.8), C, is determined by the band calculations. It is assumed here
that all the MOs, X, »are equivalent to each other (Cf. the condition iii)).

Since
exp(-iG-R,)=1, (A.10)
holds for any reciprocal lattice vector, G,

wy,k+G=wy,ka (All)

follows from Eq. (A.9). At the same time, we obtain,

wu,k+G :E CM,M,k+G w‘u,k s (A12)
u

by substituting k with k + G. This means that C,, as well as C,, Y

,uk+G
is the eigenvector of the Hamiltonian in the (M, k) space. Therefore, we
can label each state by (G, k) as well as by (M, k). This is, namely, the
extended zone scheme. The M 'th band in the reduced zone scheme
corresponds to the M 'th Brillouin zone in the extended zone scheme. We

have only to consider up to the u,'th zone, because M < u,,. By use of

C

M,uk+G

instead of C,, ., Eq.(A.8) is expressed as,
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Y60 =2 ChputrcWur @) (A.13)
u

From now on, we are referring to the representation on the basis of

the plane waves propagating along the x-direction,
lk> = exp(—ik- x), (A.14)

namely, k -representation.
Application of Bloch's theorem to ¥, . (r) for the x-direction, that

is, the Fourier expansion of ¥, . (r) with respect to x, yields,

Y. =D ¢k+G, G :y,2) expl-i(k +G+G') - x]. (A.15)
Gl

X

The matrix element of the Hamiltonian in the k -representation is given

by,

<K IHIK' >=Y<KIm><m|Hlm'><m'|K >
m, m’
=Y <K Im><m'|K >t

m, m'

(A.16)

m' °

where | m > stands for the molecular orbital at site m, x (r — R ), and the
summation is taken over all the molecular pairs in the crystal. It should
be noted that < K | m > is the Fourier transform of the molecular orbital,
| m >.

Next let us examine the effect of a crystal symmetry operation, a.

Since all the MOs are equivalent to each other, | m' > may be obtained by
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operating a certain o on | m >:

lm'>=1la"m>. (A.17)

So that, Eq. (A.16) can be rewritten in the form,

<KIHIK >=Y1t_ Y<Kloa"m><a"m'|K >, (A.18)

(m,m") n

where (m,m ') runs over all the molecular pairs in which the molecules

are not related by a.. The Fourier transform of an MO, | a” m >, is,
<leoc”m>:fexp(in x)x, [p, "(r—-nt)]dx, (A.19)

where p and T represent the rotation operator and translation vector of
a, respectively. The integration is taken over the crystal. For a non-
symmorphic operation with translation along the x-direction (Cf. the con-
dition 1)), p , does not affect the x-component, and T is parallel to the

x-direction. Taking account of these facts, we obtain,

<K la"m> =fexp['1KX x+nt)]yx, (r)dx
=exp (K nt)<K Im>, (A.20)

for a non-symmorphic operation, a.

Equation (A.18) thus becomes,

<K IHIK >
= >t <K Im><m' K> D expliK-K' )nt),
(m,m ") n (A21)
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The summation over n is equivalent to the Laue function appears in the
theory of X-ray diffraction, because n runs up to a very large integer
number. It is known that this function vanishes if K — K' = (2n /t,)I , for
any integer / .

Therefore, in the expansion (A.15), only the terms with
G' =2nd /T =1g, (A.22)

is required for the evaluation of the matrix elements. The expansion

(A.15) 1s rewritten in the form,

v, . .= E ¢ k+G, Ig ;y,z) exp[-i(k+G +Ig ) x]. (A.23)
1

The matrix element (A.7) is, then, given by

<V, X, >=<V 1 XI¥Y . >

k+G'

=Eff¢*(k+G, Ig.;y,20) ¢ (k+G', I'g.;y,z)dydz

L1’
X f explitk+G +1g ) - x] X exp[-i(k+G +I'g ) x]dx ,
(A.24)

where it is used that X concerns only the x-coordinate. The x-integration

1s modified into,
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<k +G+Ig |1 X1k +G/+1'g >= D <mIX|Im'>

m,m’

x<k +G+Ig Im><m' |k+G'+l'g >

x > expli{G. -G '+(I-1")g nt,] ., (A25)

by an analogous treatment from Eq. (A.16) to (A.21). Again the Laue-like

factor becomes negligible unless there is an integer J satisfying
GX—GX’ +(I—I ’)gx:ng ,
G-G'=Jg_, (A.26)

Here it should be reminded that both G_ and Gx' are limited within the

u,'th Brillouin zone, that is,
1G -G |<2mu,/§, (A.27)

where & is the lattice constant in the x-direction. There is no such integer
J that satisfies (A.26), unless G_ =G _'. Hence, (A.25) and thus (A.24) are
negligible, if,

u,<& /7, , (A.28)
and

G =G/ . (A.29)
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This is equivalent to the condition iv). So that, the interband optical
transition (M =M ',ie.,G_= G .) for the x-polarized light disappears at
any k.

In what follows, several comments are given in connection with this
rule.

Let us consider the matrix element of the Hamiltonian (A.21) at the
zone boundary, where both K _and K’ are the x-components of reciprocal
lattice vectors. It is readily noticed that the matrix element may become
zero in the presence of non-symmorphic symmetry operation. This cor-
responds to the degeneracy of the bands at the zone boundary.

The rule obtained here implies an analogy to the extinction rules for
X-ray diffraction, i.e., the character of the Laue function. Both are the
generalization of the law of conservation of the crystal momentum. For a
system with no non-symmorphic symmetry, the present rule reduces to
the simple law of conservation of crystal momentum, i.e., only the vertical
transitions are allowed. It is possible and useful to regard the interband
optical transition as the scattering of the electron Bloch wave by the
radiation field. The analogy to the diffraction phenomena turns out to be
obvious in this way. For instance, the extinction of the (1 0 0) diffraction
corresponds to the disappearance of the interband transitions with G_—
G' =2rn/&

As anticipated from this analogy, it is possible to show a similar rule
for multiple primitive cell systems, such as body-centered and face-centered
lattices, because these systems have the symmetry operations with transla-
tions shorter than the lattice constants. However, if the band structure is

calculated for the corresponding primitive cell, such a rule is trivial.
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It is interesting to rewrite the matrix element of the transition moment
(A.7) in terms of the structure factor and the phase factor (the Laue

function). The calculation is straightforward and we obtain,

<Y, )XW,  >= > Y<k+G+G"IXk+G'+G" >
G'" G"

X0 66" P rican

> D <m IXIm><k+G+G"Im><m' |k+G' +G ">
m’m/ GH,GU!

X066 P g

E, E tmm’(Rm_Rm’)x

m=m' m

x> <k+G+G"Im><m |[k+G'+G"> ¢*
G/I,Gl//

k+G G ¢ k+G',G"

x > expliG+G"-G'-G")-R,].  (A30)
l

where the Fourier coefficient ¢ , .. ;. is defined by,

P o= $.co Xpl-ik+G+G") - rl. (A31)
e

Thus the matrix element can be expressed in terms of the factors
related to the intermolecular interactions (), structure factors (Fourier
transforms) and the Laue function.

The present discussion is based on the assumption that the conduction
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bands are formed from equivalent MOs. It is easily found that the interband
transition never disappears if two or more MOs are relevant to the conduc-
tion bands, as in [Pd(dmit),] salts. Furthermore, the rule can be broken
by strong short-range electron correlation. In the presence of very large
on-site Coulomb repulsion, the state of a molecule distinctly depends on
the number of electrons on the molecule. Therefore, the equivalent MO
picture no longer holds, even if the MOs themselves are equivalent. In
other words, the present rule is useful to probe not only the symmetry but
also the composition of the conduction bands and the effect of strong

correlation.

B. Interplay of Interband Transitions

and Electron-molecular-vibration (e-mv) Coupling

In Sec. 5.3.1, the role of the e-mv coupling peaks as a probe to the
interband transitions has been mentioned from an experimental point of
view. Here, some general features of the e-mv coupling are briefly
discussed.

The origin of the e-mv coupling is the dependence of the relevant
molecular level on the molecular conformation. In other words, it 1s the
interaction between the occupation of the MO and the normal modes of

the molecular vibration. A Hamiltonian describing this interaction is,

H.,.=> >g.d a b, +b . .), (B.1)

ILbm v
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"

I,m

where g  is the linear coupling constant for the normal mode, v,a’, _ a

I, m
denotes the number of electrons on the m 'th molecule in the [ 'th unit
cell, and the operator, b, | +b is the second-quantization expression
for the normal mode coordinate. It is well known that the major contribu-
tions arise from the (nearly) totally symmetric modes, which are infrared
inactive. With the unperturbed Hamiltonian, H, + H_ , the Hamiltonian
of the system is given as, H = H_+ H_ + H__ , where H_and H_ stand
for the unperturbed electronic and vibrational states, respectively.

Let us look at the role of the intraband transitions here, before
turning to that of the interband transitions. As mentioned in Sec. 2.3., the
intraband transitions are the collective transverse motions of the electrons.
Such motions are accompanied by no change in distribution of electrons
over the molecules, because it corresponds to a longitudinal mode. In
other words, a continuous flow of electronic current does not involve any
change in charge density distribution, as far as the principal axis components
concern. Therefore, the intraband transitions do not contribute to the
e-mv coupling, in principle. One the other hand, the distinction between
the transverse and longitudinal motions loses its physical meaning for the
interband transitions.

The e-mv coupling with regard to the intermolecular charge-transfer
excitations have been treated mainly on the basis of the dimer model [1],
or similar local models [2]. Since dimeric packing is often found in
molecular crystals, it is convenient to refer to such a framework. However,
from the viewpoint of the conduction band electrons, it is not necessarily
efficient to stick to the treatment based on an isolated dimer or to the

localized picture.
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Generally speaking, the e-mv coupling should be regarded as the
interference between the continuum spectrum of the interband transitions
and the discrete one of the vibrational excitation. A general theory by
Fano [3] is available for such kind of problem, and this phenomenon is
known as the Fano resonance. For simplicity, we refer only to the case of
the interference between one discrete level and one continuum.

The discrete level is given in terms of the diagonal elements of H_ ,

as,
<¢|H 19>=E, . (B.2)

The continuum spectrum of purely electronic excitations is described by

H_, that is,
<Y, |HI1yp,>=E E"-FE) . (B.2)

where the continuum states, | ¢ . >, are normalized with respect to energy

as noted by the 8-function. The cross terms arise from H__ :

v

<y, |H

e-mv

l¢p >=H

e-mv

(E) . (B.3)
The eigenstates of the total Hamiltonian, H, should have the form,

¥, =a,(E) + b, By dE" . (B.4)

where E is the corresponding eigenvalues and a, and b, are the coefficients.

236



The solution of this eigenvalue problem is given by Fano [3]. The results

are,

a,(E) = sin AE) / nH, . (E) , (B.5)

€-mv

b (Ey=H__(E)sin AE) P/n(E-E)H,_ (E)

— ME-E') cos AE), (B.6)

where P means that Cauchy's principal value should be taken when inte-

grated, and,
tan A(E)=-n|H__ (E) 1%/ [E-E, + F(E)], (B.7)
F(E):Plee_mV(E’)|2dE’/(E—E’) : (B.8)
Let H ' be the interaction between the system and the radiation field.
The transition moment matrix corresponding the transition from the initial
state, li >, to | ¥ > is,
<V, H |i>=a,*E) <¢ |H |i>

+be,*(E) <y, |H [i>dE’. (B.9)

The first term vanishes, because the direct transition to | ¢ > is not

allowed. From the second term and Eq. (B.6), we obtain,
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<W |H' |i>= [sin AE) /n H,_*(E)]
X Pf< o |H_ |y,><y, |HIi>dENE-E
—cos A(E) <y, | H' |i>. (B.10)

The second term corresponds to the interband transitions to the purely
electronic excited states | 1, >. On the other hand, the first term describes
the transitions to the vibrational state, | ¢ >, which are forbidden in the
case of no perturbation. Clearly, this stems form the presence of H__,
and corresponds to the appearance of the e-mv peaks in the optical spectrum.

The formulation of the transition moment taking account of the band
structure is a too involved subject to be treated here explicitly in detail.
Rather, two significant characteristics emerging from the above discussion
are pointed out in the following. First, the divergence of tan A(E) occurs
at the energy which satisfies, E = E o F(E). Since F(E) can be regarded
as independent of E over a sufficiently narrow range, the shift of resonance
energy is approximately F(E). According to the expression of F(FE), Eq.
(B.8), this indicates that the shift of an e-mv peak is nearly proportional
to the square of the coupling constant, g >, which is consistent with the
dimer case [4]. Second, the first term in (B.10) is linear to <y, |H' | i>.
This means the linear dependence of the intensity of the e-mv peaks on
that of the interband transitions. This character enables us to judge the
intensity of the interband transitions by that of the e-mv peaks, as pointed

out in Sec.5.3.1.
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