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Chapter 1

General introduction

1.1 Organic superconductors

In the conventional BCS superconductors such as mercury and niobium-titanium alloys, the
pairing of superconducting electrons is mediated by phonons [1]. On the other hand, in cuprates,
iron-base superconductors, and organic superconductors, the electronic correlation plays a crucial
role in the emerging of the superconductivity [2]. For example, electronic state changes from an-
tiferromagnetic to superconducting state by changing the oxygen concentration in YBayCu3zOg,.

The spin fluctuation originated from antiferromagnetism is the possible origin of superconductivity.
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Figure 1.1: Molecules used for developing the organic superconductors.

To examine the relation between electronic correlation and superconductivity, organic supercon-
ductors are one of the most suitable field, because the physical properties can be easily controlled
by the physical pressure or chemical pressure. The superconductivity in organic materials was

first reported in (TMTSF),PFg [TMTSF denotes tetramethyltetraselenafulvalene (Fig. 1.1)] under



pressure [3]. By further investigation, it has been revealed that the system of (TMTCF),X (C =
S and Se, X = Br, AsFg, PFg, ClO4 and so on) shows a wide variety of electronic states such as
spin Peierls, charge order, antiferromagnetic, spin-density-wave and superconducting states and
can be considered by the pressure-temperature phase diagram [4]. The superconducting transition
temperature T, is approximately 1 K. These findings facilitate the exploring of superconductors in
organic systems. Among them, 7, was enhanced up to ~ 10 K using BEDT-TTF [BEDT-TTEF:
bis(ethylenedithio)tetrathiafulvalene (Fig. 1.1)] molecules [5, 6, 7, 8]. Until now, more than 50
kinds of superconductors based on BEDT-TTF molecules were developed [9], in which conducting
BEDT-TTF layers and insulating anion layers are alternately stacked and quasi-two-dimensional
structure is formed. An interesting feature of BEDT-TTF salts is that there are various arrange-
ments in BEDT-TTF layers. The packing arrangement of BEDT-TTF molecules are labeled by
Greek letters such as a, 8, k, A and so on as shown in Fig. 1.2. Since each arrangement provides
the different electronic system, mechanism of superconductivity can be studied from a variety of

perspectives.
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Figure 1.2: Packing arrangement of BEDT-TTF molecules in conducting layers.

1.2 Scope of the thesis

In this study, we focused on the k-type salts which have the highest 7. among the organic
superconductors at ambient pressure. The electronic properties of this system can be tuned from

antiferromagnetic Mott insulating to superconducting state by applying pressure and substituting



the anion. Particularly, we targeted x-(BEDT-TTF),Cu[N(CN),|Br salt, the superconducting
state of which is adjacent to the antiferromagnetic phase, and investigated the unconventional
superconducting properties in terms of superconducting fluctuation and impurity effect using 3C
NMR spectroscopy.

Next target material is A-(BETS),GaCly [BETS: bis(ethylenedithio)tetraselenafulvalene (Fig. 1.1)]
salt. Noteworthy, superconducting phase of this salt is next to the antiferromagnetic insulating
and nonmagnetic insulating phases by molecular replacement. The effect of their insulating phases
on A-(BETS),GaCly salt is interesting but the electronic properties have been poorly investigated
due to the small size of the samples and the lack of appropriate probe. In this study, we synthe-
sized the *C enriched BETS molecules and performed the *C NMR measurement to study the
electronic properties of A\-(BETS),GaCly salt.



Chapter 2

Nuclear Magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy microscopically probes the electronic states
around nuclei through the hyperfine field between nuclei and electrons. Since NMR shift detects
the local spin susceptibility and spin-lattice relaxation time 7} measurement detects the magnetic
fluctuation, NMR spectroscopy is a powerful tool to study the electronic state of strongly correlated

electron systems.

2.1 NMR shift
From the NMR shift measurements, static susceptibility can be examined. In general, NMR
shift § is written as the sum of Knight shift K and chemical shift o, that is,
d=K+o. (2.1)

Knight shift represents the contribution from the electronic spins, and chemical shift represents
the contribution from the orbital current of electrons. Knight shift is written by the product of

hyperfine coupling constant A and bulk susceptibility Yy,
K = Ay. (2.2)

A and o is changed by the orientation of the external magnetic field because of their anisotropy.
Therefore, temperature dependence of spin susceptibility can be measured by fixing the direction

of magnetic field.

2.2 Spin-lattice relaxation time T3

The exchange of energy between a nuclear spin system under magnetic field, and the heat

reservoir consisting of the other degrees of freedom (the lattice), brings the magnetization into a
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condition of thermal equilibrium. The time required to relax nuclear spins into thermal equilibrium
state is called nuclear spin-lattice relaxation time T}.
When the magnetic relaxation is mainly from the electrons, by fluctuation-dissipation theorem,

1/T\T can be described in terms of dynamic susceptibility x”(gq, w) as

1 292kp X"(qw)

where kg is the Boltzmann constant, h is the Planck constant, ~, and 7. are the nuclear and elec-

q

tronic gyromagnetic moments, respectively, and w is Larmor frequency [10]. The T} reflects the
dynamic susceptibility, and the dynamic susceptibility involves the effects of the electron correla-
tion. This equation is applied regardless of metal or nonmetal. Therefore, dynamic susceptibility

can be examined by 7T} measurement.

Fermi liquid state

When a system is in a Fermi liquid state, 1/777 is proportional to the square of the density of

states at the Fermi energy N(FEr),

1 7T]€B
— = 2 A2 N*(Er). 2.4
FT = h AN (Er) (2:4)

Therefore, 1/77T is not depend on the temperature. Typical example of 1/77 measurement in
the Fermi liquid state are shown in Fig. 2.1. This figure shows the temperature dependence of
1/T7T in organic superconductor x-(BEDT-TTF),Cu(NCS), salt (7. = 10.4 K [5]) under several
pressures. Because the magnetic field of 9.4 T was applied perpendicular to the conduction plane,
superconductivity is completely suppressed and 1/7T shows constant from ~ 20 K down to the
lowest temperature at ambient pressure, which suggests the Fermi liquid state. Applying pressure

stabilize the Fermi liquid state and constant 1/777T was observed from higher temperatures.

Magnetic fluctuation

Temperature-dependent 1/777 is induced by the magnetic fluctuation which is enhanced near
the magnetic transition. For example, when a system has a two-dimensional antiferromagnetic

fluctuation in the vicinity of antiferromagnetic phase transition, 1/777T can be written as,
1 C
LT T+6
where C' and © are the Curie constant and Weiss temperature. Figure 2.2 shows an example of

antiferromagnetic transition in x-(BEDT-TTF),Cu[N(CN),]Cl salt which is a dimer Mott insulator

(2.5)

and shows a antiferromagnetic transition at 27 K. Temperature dependence of 1/77T shows the

Curie-like behavior above 27 K.
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Figure 2.1: Temperature dependence of 1/T1T of k-NCS under several pressures [11].
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Figure 2.2: Temperature dependence of 1/T1T of k-(BEDT-TTF),Cu[N(CN)y|Cl [12].



2.3 NMR study on superconductivity

2.3.1 Knight shift

NMR spectroscopy is informative probe to investigate the symmetry of superconducting gap. In
the superconducting state, although the bulk magnetization measurement observes the diamagnetic
signal from Meissner effect, Knight shift directly observe the spin susceptibility. Therefore, the
pairing state of the Cooper pair, whether spin-singlet or triplet pairing state, can be investigated.
In the spin-singlet superconducting state, spin susceptibility tends to zero as T'— 0. On the other
hand, spin susceptibility does not change in the triplet superconducting state. Consequently,
Knight shift decreases below T, in singlet state but is independent of temperature in triplet state.

Figure 2.3 shows the temperature dependence of the Knight shift of organic superconductor
x-Br salt under a magnetic field of 7.8 T parallel (open circles) and perpendicular (closed circles)
to the conduction plane [13]. The measurement in parallel field, in which H. is higher than 30
T [14], shows decrease in the Knight shift below 7., while in perpendicular field (H. ~ 10 T ),
superconductivity is suppressed above 4 K. This result indicates the spin part of the wave function

is in a singlet state.
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Figure 2.3: Temperature dependence of Knight shift of x-Br [13].

2.3.2 1/T}

The orbital part of Cooper pair wavefunction is restricted to satisfy the Pauli exclusion princi-

ple. Namely, the angular momentum L = 0,2 (s-wave, d-wave) in the spin-singlet state and L = 1
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(p-wave) in the spin-triplet state. In the spin-singlet state, 7} measurements explicitly distinguish
the s-wave superconducting gap from others.
In the superconducting state, 1/T} arises from the scattering of the thermally excited quasi-

particles. Then, 1/T} is written as [15],

1 mA?

7= [ )+ M) )0 - f(B)a. (26)
where E is the energy of the quasiparticles, f(E) is the Fermi distribution function. N (E) is
the density of states of the quasiparticles and M (E) is the anomalous density of states, which
is related to the coherence effect. In the isotropic s-wave superconductor, Ns(E) and M,(E) are

expressed as
NoE
Ny(E) = Ny (2.7)
NoA
VB =AY

where Ny is the density of states at the normal state and A is the superconducting gap. Ny(FE)

M,(E) = (2.8)

and M (E) have strong divergence at the gap edge (Fig. 2.4) which leads to an increase in 1/7}
just below T.. At low temperatures 1/7) decreases exponentially because of f(FE). Figure 2.5

Density of states

2D d-wave
N

Z
(=)
l
|
|
|
|
|
|
+
|
|
|
|
|
|
|
|
|
|
|

O M 1 M 1 M
Er Ec+A  Energy

Figure 2.4: Density of states of isotropic s-wave superconductivity and two-dimensional d-wave

superconductivity.

shows the temperature dependence of 77 in aluminum, in which the horizontal axis is normalized
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by T. = 1.178 K [16]. Below T, T} sharply decreases (coherence peak) and then shows thermally
activated behavior down to the lowest temperature, which is the typical behavior of isotropic

s-wave superconductor.
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Figure 2.5: Temperature dependence of T} in the powdered sample of aluminum [16].

In the two-dimensional d-wave superconductor, order parameter is written as A cos 2¢. There-

fore, Ns(E) and M (FE) are as follows,

27 s
= / / £ sin Odfd¢ (2.9)
o Jo /E?— A2cos?2¢
2
/ / Bcos2d i pdbds. (2.10)
V E? — A2 cos?2¢

When the superconducting gap has nodes, the divergence at the gap edge is weaken as shown in
Fig. 2.4. In this case, M (E) = 0 when averaged over the Fermi surface. Thus, due to the absence
of M (F) and the weak divergence of Ny(E) at the gap edge, the coherence peak just below T, is
either small or absent for d-wave symmetry. N¢(F) in the low energy is proportional to E when
E — 0. Therefore, 1/T; at low temperatures can be written as

1 oo [e.e]
— / E?e Bkl qp — T3/ e "dx. (2.11)
T Jo 0
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Then 1/T} is proportional to T3. Figure 2.6 shows the temperature dependence of 1/7T; of k-Br
salt in the superconducting state [13]. The coherence peak was not observed and 1/7} follows a
cubic temperature dependence below T,.. This behavior indicates that the line node exists in the
superconducting gap. From the results of Knight shift and 1/77, NMR experiment suggests the

superconducting order parameter of k-Br salt has the symmetry of d-wave.
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Figure 2.6: Temperature dependence of 1/7} of k-Br under the magnetic field parallel to the

conduction plane [13].
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Studies of Superconductivity in

k-(BEDT-TTF),X by °C NMR
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Chapter 3

Introduction

3.1 Structure of k-(BEDT-TTF),X

3.1.1 Crystal structure

Organic conductors k-(BEDT-TTF),X have quasi-two-dimensional structure, and the repeat
unit contains the layer of the conducting BEDT-TTF molecules and the layer of insulating anions
X [Fig. 3.1(a)]. The packing arrangement of BEDT-TTF molecules are labeled by Greek letters.
k-type salts have face-to-face molecular dimers, which are oriented approximately at the angle
of 90 degrees with respect to their neighbors [Fig. 3.1(b)]. In these salts, various anions X can
enter into the insulating layer and modify the distance between BEDT-TTF dimers. Particularly,
X = Cu[N(CN)]2Cl, Cu[N(CN)]3Br and Cu(NCS), (hereafter referred to as the x-Cl, x-Br and
k-NCS, respectively) salts are extensively investigated. Lattice parameters of these salts are listed

in Table 3.1.

Table 3.1: The lattice parameters of k-(BEDT-TTF), X .

X Cu(NCS)y | Cu[N(CN)y]Br | Cu[N(CN),]Cl
space group P2, Pnma Pnma
a(A) 16.248(5) 12.942(3) 12.977(3)
b(A) 8.440(2) 30.016(4) 29.979(4)
c(A) 13.124(5) 8.539(3) 8.480(2)
B(°) 110.30(3)
V(A3) 1688.0(9) 3317(7) 3299(1)
Ref. [5] [6] 7]
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Figure 3.1: (a) Crystal structure of xk-(BEDT-TTF),X . (b) Packing arrangement of x-type salt.

3.1.2 Band structure

BEDT-TTF salts are charge transfer salts, where one BEDT-TTF molecule provides 0.5 elec-
tron to anion X. k-(BEDT-TTF),X salts are understood as half-filled system because of the
dimerization. One electron moves from the two molecules to the monovalent anions X. The dimer-
ization creates the hybrid orbitals that are bonding orbital and anti-bonding orbital as shown in
Fig. 3.2. Here, the tgpe- is the transfer integral within the dimer. As three electrons occupy this
dimer, one hole is created and contributes conductivity. Figure 3.3 shows (a) the band structure
calculated by the tight-binding method and (b) the Fermi surface of the half-filled band [17]. As
two dimers are in the unit cell, four bands in Fig. 3.3 accommodate a total of eight electrons. These
band structures of k-(BEDT-TTF), X salts predict a metallic state but in real materials, physical
properties other than metallic behavior is observed. Next we introduce the physical properties of

k-(BEDT-TTF), X salts.

3.2 Physical properties of x-(BEDT-TTF), X

Figure 3.4 shows the temperature dependence of resistivity obtained for various x-(BEDT-
TTF)2 X salts in various pressures [18]. k-Cl salt shows semiconducting behavior over the whole

temperature range at ambient pressure, but application of mechanical pressure induces the resis-
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Figure 3.2: Schematic image of orbital hybridization.

Figure 3.3: (a) Band structure and (b) Fermi surface.
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tance maximum around 100 K and metallic phase at low temperature. Then, x-Cl salt shows
superconducting transition at 12.5 K under a pressure of 0.3 kbar [6]. These properties can be
understood in the pressure-temperature (P-T") phase diagram (Fig. 3.5) [19, 20, 21]. In x-Br and
k-NCS salts, the same temperature dependence of resistivity as x-Cl salt under pressures was
observed at ambient pressure. Therefore, these salts can be mapped on the P-T' phase diagram
of k-Cl salt. These results indicate that applying the physical/chemical pressure can change the
lattice parameter and increase in conduction bandwidth W with respect to the on-site Coulomb
energy U. Finally, Fig. 3.5 explains the variety of physical properties both by physical and chemical

pressures. Here, chemical pressure corresponds to the anion substitution.

100

| cEDX /)\
Cu[N(CN),]CI
1 /\
pressure

RESISTIVITY (Qcm)

0.1} 1
CufN(CN),]Br
OOLE cunesy,
0.001}
0.0001}

) S H
10 100
TEMPERATURE (K)

—

Figure 3.4: Temperature dependence of electrical resistivity for k-(BEDT-TTF), X [18].

The main feature of the P-T phase diagram is that superconducting phase is adjacent to
antiferromagnetic phase. Connection between antiferromagnetism and superconductivity has been
expected, and k-(BEDT-TTF),X salts have been investigated extensively as candidates for a

strongly correlated electron system.

3.3 Magnetic properties of x-(BEDT-TTF),X

Temperature dependence of the magnetic susceptibility of x-(BEDT-TTF),X salts is shown
in Fig 3.6. Temperature dependence and absolute values of susceptibility are almost same in all
three salts above 50 K. Below 30 K, susceptibility of x-Cl salt shows rapid increase because of

spin canting in the antiferromagnetism. In x-Br and x-NCS salts, the slope of susceptibility is
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Figure 3.6: Temperature dependence of magnetic susceptibility of x-(BEDT-TTF) X [12].
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small at 35 K compared with that of x-Cl salt. This anomaly was interpreted as due to the
suppression of the antiferromagnetic fluctuation [23] and clearly observed in the 7} measurement.
Figure 3.7 shows the temperature dependence of 1/T1T of k-(BEDT-TTF), X salts. In x-Cl salt,
1/T\T increases from room temperature toward antiferromagnetic transition temperature Ty =
27 K. The behavior of 1/T1T can be understood by two contributions. One is the temperature-
dependent antiferromagnetic (AF) term, which originates from the enhanced susceptibility with
the wave vector close to the ordering vector ), and the other is that the x”(¢q) from the long

wavelength gives rise to the constant contribution. Namely,
1 2y kBAlf X'( X(
- - 3.1
T IECED I (3.1)

~Q #Q
1 1
= [ — 3.2
(T1T> +(T1T)FL (3.2)

Temperature dependence of 1/77T of k-Br and x-NCS salts deviates from that of x-Cl salt at

T* = 45 K and 50 K, respectively. This behavior indicates the suppression of (1/T1T)ar term
below T*. T* of k-Br salt is lower than that of x-NCS salt. This difference indicates that the

antiferromagnetic correlation of x-Br salt is stronger than that of x-NCS salt.

T T T T T M T T T
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Figure 3.7: Temperature dependence of 1/T1T of k-(BEDT-TTF), X [12].
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3.4 Superconductivity of x-(BEDT-TTF),X

3.4.1 Anisotropic superconductivity

Superconducting properties of k-(BEDT-TTF),X salts are highly anisotropic due to two-
dimensional crystal and electronic structure. For example, while upper critical field H., of x-Br
salt under magnetic fields perpendicular to the plane is 10 T [14, 13, 24], that under magnetic
fields parallel to the plane is higher than 30 T [14]. The coherence length ¢ estimated from H,o is
also highly anisotropic. The superconducting parameters are listed in Table 3.2. From the strong
anisotropy, anomalous properties of superconductivity is expected. One of the interesting features

is the superconducting fluctuation phenomena. Details will be introduced in 3.4.3.

Table 3.2: The superconducting parameter of k-(BEDT-TTF), X .

Cu(NCS);y | Cu[N(CN)y|Br Ref.

T, (K) 10.4 11.6 5, 7]

), (T) 30-35 30 [14]
HL (T) 8 10 14, 13, 24]

¢l (A) 70 37 [25]

&t (A) 5 6 [25]

2A kT, 3.6 5 [25]

3.4.2 Impurity effect on superconductivity
Superconducting gap symmetry

Anisotropy of superconducting gap in conduction plane has been suggested from various ex-
periments, such as NMR [13], STS [26], and thermal conductivity [27] and so on. However, some
of the experiments (for instance, uSR [25], specific heat [28]) concluded the isotropic supercon-
ducting gap. To study the superconducting symmetry in the conduction plane, impurity effect on
superconducting gap is a powerful technique. In this study, we focus on the study of impurity

effect by NMR measurement, which has not been investigated in the organic conductor.

Impurity effect

Superconducting pair breaking effect by impurities has been intensively studied to reveal the su-

perconducting properties of the pure material in cuprates and heavy-fermion system [29]. Namely,
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magnetic and nonmagnetic impurity doping to unknown superconductor helps to determine the
symmetry of superconducting gap function, because the scattering by magnetic impurities sup-
presses superconductivity with isotropic superconducting gap more efficiently than that with
anisotropic superconducting gap, and vice versa, nonmagnetic impurities suppress drastically the
anisotropic superconductivity. The suppression of T, has been investigated in detail for various su-
perconductors. Fig. 3.8 shows the T, versus magnetic/nonmagnetic impurity doping concentration
of MgB, and high-T, cuprates [30, 31]. In a isotropic superconductor MgBs, T, was suppressed
to 80 % of pure sample even by doping 10 % of nonmagnetic impurities. While in anisotropic

superconductor, 10 % of nonmagnetic Zn suppresses T, to 0 K.

100, T
[
0
) —
20 X s0- 7
= ®  Mn(resistivity) o
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Figure 3.8: The relation of 7. and the impurity doping ratio x. Left: Mgy_,M,By (M = Mn, Al)
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The suppression of T, by disorder was investigated in x-NCS salt. To introduce disorders,
substitution of BMDT-TTF [bis(methylenedithio)tetrathiafulvalene, Fig 3.9(a)] molecule for the
BEDT-TTF molecule and X-ray irradiation to create structural defects were performed [32, 33].
However, these methods have some drawback from the aspect of NMR experiment. X-ray irra-
diation predominately causes damages on the surface of crystals due to the absorption and also
produces free radicals on the surface. Because NMR measurement detects the signal from the
entire sample, we would mainly observe the undamaged inner part of the sample. BMDT-TTF
molecules can be introduced uniformly. However, because of the difference in the molecular struc-
ture between BMDT-TTF and BEDT-TTF, crystal structure would be distorted in addition to
the distortion of the electronic state. It complicates the study of impurity effect. Furthermore,
constituent element of BMDT-TTF molecule is the same as that of BEDT-TTF molecule, so the
substitution ratio is difficult to be estimated. Naito et al. reported that the T, of x-Br salt can be
controlled by BEDT-STF [bis(ethylenedithio)dithiadiserenafulvalene, Fig. 3.9 (b)] molecule substi-
tution [34]. In this molecule, only two sulfur atoms close to the central C=C bond of BEDT-TTF

molecule were replaced with selenium. Because molecular structure of BEDT-STF molecule is the
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same as that of BEDT-TTF molecule, structural distortion is small and only potential scattering

can cause the impurity effect.

CO O

Figure 3.9: (a) BMDT-TTF molecule. (b) BEDT-STF molecule

In fact, lattice parameters of BEDT-STF 20 % doped s-Br (a=12.934, b=30.070, c=8.536 A) is
almost the same as that of pristine x-Br (Table 3.1)[34]. Figure 3.10 shows the temperature depen-
dence of resistivity of k-[(BEDT-TTF),_,(BEST-STF),]oCu[N(CN),|Br. From the resistivity and
X-ray diffraction measurements, the relation of 7, and doping concentration ratio was determined
(Fig 3.11). Suppression of T, can be explained either as the impurity effect or as the chemical
pressure effect, because resistivity maximum is suppressed by BEDT-STF doping. To reveal the

effect of BEDT-STF doping to electronic state, NMR study is required.

T T T T 1 I1T10T

ol0RT

- L |
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Figure 3.10: Temperature dependence of resistivity of k-[(BEDT-TTF),_,(BEST-
STF),]oCu[N(CN),|Br [35].

Doping effect can be investigated by 7} measurements. In x-Br and -NCS salts, the peak
behavior of 1/T1T at T* is suppressed by applying pressure or introducing the disorder by X-ray
irradiation. Figure 2.1 and 3.12 show the temperature dependence of 1/T7T of k-NCS and x-Br
salts under several pressures [36, 11]. Applying the pressure causes the increase in the bandwidth,

then density of states decreases. As a result, (1/777)p;, term decreases. Concomitantly, the
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peak of 1/T\T at T* is suppressed and shifts to high temperature. These results are considered
as the suppression of antiferromagnetic fluctuation. Temperature dependence of 1/T7T of X-ray
irradiated x-NCS salt are shown in Fig. 3.13 [37]. The (1/71T)fL term does not change but only

(1/T1T)ar term is suppressed because disorder can disrupt the correlation of antiferromagnetic

fluctuation.
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Figure 3.12: Temperature dependence of 1/T1T of k-Br under several pressures [36].

NMR study on impurity effect

As mentioned above, decrease in T, by nonmagnetic impurity for anisotropic superconductor is
larger than that for isotropic superconductor. Nonmagnetic impurity causes potential scattering
near the Fermi surface. In s-wave superconducting gap, as shown in Fig. 2.4, there is no density
of states at Er. Therefore, small impurity doping does not affect the quasiparticle density of
states. On the other hand, because of finite density of states at Er in d-wave superconductor,
residual density of states by impurity scattering is observed by doping small amount of impurity.
Residual density of states below T, can be observed by 1/s. Figure 3.14 shows the temperature
dependence of 1/T} in (a) Mg;_,Al,Bs [38] and (b) YBay(Cu;_,Zn,);07 [39]. In Mg;_,Al,Bs,
temperature dependence of 1/7} normalized at T [inset of Fig. 3.14(a)] is almost the same between

r =0 % and 5 %. However, 1/T} at the lowest temperature increases with increasing the doping
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Figure 3.13: Temperature dependence of 1/T7T of X-ray irradiated and pristine x-NCS [11, 37].

ratio in YBay(Cu;_,Zn,)307. Therefore, increase in the residual density of states in anisotropic
superconductor is the good evidence that the Cooper pair is scattered by impurity. We investigated
that the behavior of 1/T} below T, to reveal the doping effect in x-Br salt.

The local electronic state at the impurity site should be revealed to understand the pair break-
ing mechanism. The microscopic experiment that can probe microscopically the local electronic
state is desired. The electronic spin state near the impurity site was investigated in cuprate super-
conductors using the NMR spectroscopy [40]. Figure 3.15 shows the temperature dependence of
1/Ty of Zn 1 % doped YBayCuzO7. The Cu site near the nonmagnetic Zn impurity (open circles)
is more strongly affected compared to the Cu site far from the impurity (closed circles). Precise
NMR experiment detected separately the signal from Cu nuclei near the Zn impurity, and revealed
that the nonmagnetic impurities induce staggered moment in the cuprate superconductors. How-
ever, NMR signal from Zn site cannot be observed because of very strong magnetic fluctuations
at the impurity site. The *C NMR study on BEDT-STF-doped salts provides important infor-
mation because we can observe selectively the electronic properties at the BEDT-TTF sites and
the BEDT-STF sites by doping naturally abundant BEDT-STF molecules into 3C enriched x-Br
salt (BEDT-TTF sites), and by doping the ¥C enriched BEDT-STF molecules into the naturally
abundant x-Br salt (BEDT-STF sites).
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Figure 3.14: Temperature dependence of 1/7} in several doping ratio of nonmagnetic impurity.

Left: Mgy ,Al,Bsy. Right: YBag(Cu;y_,Zn,)307. [38, 39]

3.4.3 Superconducting fluctuation

Near the second order phase transition, thermal and quantum fluctuations induce a short-range
coherence even above T,.. The universality of physical quantities in this critical regime has been
intensively studied for various types of magnetic transitions. For the second-order superconducting
transition, the short-range coherence of superconducting order parameter should also be induced
in the normal state, where the thermal average of order parameter does not possess the finite value.
The prominent effect of fluctuating superconducting order parameter was observed by the Nernst
effect measurement on cuprate superconductor [41], in which a vortex-like signal was detected in
the critical regime above T.. To understand the mechanism for the fluctuating superconducting
order parameter to affect the bulk properties, both theoretical and experimental studies have
been carried out on the high-T, superconductors [42, 43, 44, 45]. However, enhanced magnetic
fluctuations, which originate from the antiferromagnetic transition near the superconducting phase,
contaminate the pure effect of fluctuating superconducting order parameter. In order to investigate
the critical fluctuation of superconducting order parameter, we should examine a superconductor
that shows superconducting transition in the conventional Fermi liquid state.

Recently, the vortex-like signal was observed above T, in x-Br salt by Nernst effect measure-
ment [46]. This report leads us to study the fluctuating superconducting state in a series of
k-(BEDT-TTF), X salts, because in the organic superconductors the conventional Fermi liquid
state is established when superconductivity sets in [47, 48]. Besides, the effects associated with su-

perconductivity can be controlled by magnetic fields, as the upper critical field H5 ~ 10 T [13, 24]

27



1O4E lllllllll lrrrl_l’lll lllE
f Te ]
.ébcoO
— 2 o© =
- - @ -
(&) : i
() ! A
S oo 5
~ I ° 4 ]
—
u o® _
L 5
.ILJIIIIII lllllllll P11

109 10’ 102
T(K)
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Figure 3.16: Temperature dependence of Nernst signal of k-NCS (upper panel) and x-Br (lower
panel) salts under the various magnetic fields (solid lines) and resistivity at the zero field (dotted

lines) [46]
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is accessible with conventional superconducting magnets. The results of Nernst effect measure-
ments in xk-Br and x-NCS salts are shown in Fig. 3.16. Solid lines are the temperature dependence
of Nernst signal under the several magnetic fields and dotted lines are the temperature dependence
of resistivity at the zero field. In this study external magnetic fields were applied perpendicular
to the conduction plane. Increase in the Nernst signal of k-NCS salt starts at lower temperature
than the temperature where zero resistivity was observed. Whereas, field-dependent Nernst signal
increases from 18 K, which is much higher than 7, in x-Br salt. They claimed that the region of

superconducting fluctuation increases in the vicinity of antiferromagnetic phase.
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Figure 3.17: Angular dependence of the (a) interlayer resistance and (b) magnetic torque at 7.5 T
for various temperatures in K-NCS . The inset of (a) shows a schematic of the crystal structure
and the definition of the field angle. The inset of (b) shows the overall views of the torque curves

[49].

On the other hand, comparable critical regime for both x-Br and x-NCS salts was observed by
magnetic torque measurements [49, 50]. Figure 3.17(a) and (b) shows the angular dependence of
resistance and magnetic torque measurements of k-NCS salt at 7.5 T. The Meissner signal due to
the superconducting fluctuation was observed in the torque measurement below 12 K, although
resistance drops at zero degrees due to superconductivity was only observed below 8 K. The
inconsistency of Nernst and torque measurements might be due to the difference in the external
field direction. The external field was applied perpendicular to the conduction plane for the Nernst
effect measurement, whereas parallel to the conduction plane for the magnetic torque measurement.
As the field orientation cannot be changed for these experimental techniques, other experiments

that can be conducted in both parallel and perpendicular fields are required. In this work, we report
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the results of *C NMR experiment on x-Br and x-NCS salts. As the experimental accuracy does
not depend on the external field orientation, we applied the magnetic fields both parallel and

perpendicular to the conduction plane, and measured the nuclear spin-lattice relaxation time 77.

NMR study on superconducting fluctuation

In addition to the Nernst and torque measurements, the precursor of superconducting tran-
sition above T, was also detected by magnetization measurements [51, 52]. These experiments
probed the vortices generated by the short-range Cooper pairs in the normal state, and confirmed
that fluctuating superconducting state is realized in x-Br salt. However, because of the large mag-
netization of vortices, we cannot explore the variation of quasi-particle density of states in the
fluctuating superconducting state, which is essential for the microscopic understanding of critical
superconducting fluctuation [53].

The NMR spectroscopy enables us to measure directly the quasi-particle density of states when
the system is in the Fermi liquid state. The previous 77 measurement was performed on cuprate
superconductors. Figure 3.18 shows the temperature dependence of 1/77T of YBayCuzOg g5 in the
magnetic fields from 2.1 T up to 27.3 T. Although T, at zero field is 92.5 K, 1/T1T increases with
increasing field below 120 K. However, 77 measurement could not observe separately the effect of
superconducting fluctuations [44, 43|, because the strong spin fluctuations near antiferromagnetic
phase violate the conventional Fermi liquid state. In the organic superconductors, as the spin
fluctuations are weak enough to stabilize the Fermi liquid state above T, NMR experiment should
be performed on k-(BEDT-TTF), X salts.

When a system is in a Fermi liquid state, 1/717 is temperature-independent [eq. (2.4)]. This
relation is modified either by enhanced magnetic fluctuations near magnetic transition, or by the
superconducting fluctuation near T,, which corrects the quasi-particle density of states [44, 54].
Theoretical study has revealed that superconducting fluctuations can correct quasi-particle density
of states in three different processes, which are called Aslamazov-Larkin, Maki-Thompson, and
density of states processes [45]. While Aslamazov-Larkin process is irrelevant to the dynamical
susceptibility which determines 1/T,T, density of states process reduces the quasi-particle density

of states and Maki-Thompson process increases them.

3.5 Purpose of this study

Although the study of impurity effect on superconductivity was performed in x-Br salt by
BEDT-STF doping, the effect of impurity doping on the electronic state is unclear. BEDT-STF
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Figure 3.18: Temperature dependence of 1/TT of YBayCu3Og 95

up to 27.3 T [43].
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doping causes the reduction of T, whether by impurity effect or chemical pressure effect. Impurity
effect causes the potential scattering and chemical pressure effect causes the increase in bandwidth
then magnetic correlation is weakened. In order to reveal the mechanism of BEDT-STF doping
effect, we performed NMR measurements.

Superconducting fluctuation was studied in the cuprate superconductor, but detailed study is
difficult due to the magnetic fluctuation above T,. In x-Br salt Fermi liquid state is established just
above T, and large superconducting fluctuation region was observed. We focus on this material

and investigate the electronic state in the superconducting fluctuation state.
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Chapter 4

Experiments

4.1 Sample preparation

We utilized the 3C enriched (hot) BEDT-TTF molecule, for which single side of the central
C = C bond was enriched with *C [left hand side of Fig. 4.1(a)] [55]. This asymmetric molecule
eliminates the NMR peak splitting due to the nuclear spin-spin coupling at the C = C bond (Pake
doublet) [56].

In the study of impurity effect, we prepared four kinds of molecules, which are hot BEDT-TTF,
naturally abundant (cold) BEDT-TTF, hot BEDT-STF, and cold BEDT-STF molecules (Fig. 4.1).
For the hot BEDT-STF molecule the carbon nuclei at the sulfur side of the central C=C bond
was selectively enriched. As the 3C NMR signal originates only from the enriched 3C nuclei,
these molecules allow us to study the impurity effect on bulk electronic properties by doping cold
BEDT-STF molecule to hot BEDT-TTF crystal [TTF-7 and TTF-9, as shown in Fig. 4.1(a) |,
and the local impurity scattering effect by doping hot BEDT-STF molecule to cold BEDT-TTF
crystal [STF-10, as shown in Fig. 4.1(b)]. The BEDT-STF molecules can enter into the BEDT-
TTF crystal by solving both BEDT-STF, and BEDT-TTF molecules during the electrochemical
oxidation process [34]. We checked that BEDT-STF molecule is uniformly introduced in the sample
by the X-ray microprobe analysis.

The superconducting diamagnetism of BEDT-STF doped samples was observed using a SQUID
magnetometer (Quantum Design, MPMS). As shown in Fig. 4.2 (a), the superconducting transition
of doped sample is as sharp as that of pristine sample, which indicates the uniform doping of BEDT-
STF molecule. We determined the actual BEDT-STF concentration x by comparing T, of each
sample with the previously established z to T, relation [Fig. 4.2 (b)] [34]. As shown in Table 4.1,
the determined x values (7 %, 9 %, and 10%) are smaller than the nominal values (8 %, 15 %, and
15 %), because the solubility of BEDT-STF molecule is smaller than that of BEDT-TTF molecule.

34



- (@) TTF-7/ TTF-9

(=T Co=a0)
- (b) STF-10

<10 o~

Figure 4.1: Combination of BEDT-TTF and BEDT-STF molecules in the samples prepared in
present study. TTF (STF) indicates that BEDT-TTF (BEDT-STF) molecule is *C enriched.
Number is the concentration of BEDT-STF molecule. These labels are defined in Table 4.1.
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Figure 4.2: (a) Temperature dependence of magnetic susceptibility in each sample. Arrows indicate
the T.. (b) The plot of T, versus STF concentration. The data of open triangular was measured
by Naito et al. [34], Closed circles represent the present results. 7. is determined by (a) and STF
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35



T, of k-Br and x-NCS salts were also checked by magnetization measurement for the study of
superconducting fluctuation. We determined the the mean-field T, of our samples at low field as

T. =114 K for k-Br , T, = 9.3 K for k-NCS |, which are consistent with the previous studies [7, 5].

4.2 Magnetic susceptibility measurement

In order to examine the effect of BEDT-STF doping to bulk properties, temperature dependence
of static magnetization in the normal state was measured for the TTF-9 sample, the mass of which

is 2.5 mg. Magnetic field of 4 T was applied perpendicular to the conduction plane.

4.3 NMR measurement

The NMR spectra and spin-lattice relaxation time 77 were measured using a spin-echo method
and a saturation recovery method. In the study of impurity effect, the external magnetic fields of
7 T for pristine sample and 6.7 T for BEDT-STF doped samples were applied along the crystalline
¢ direction (in-plane), for which the upper critical field is higher than 30 T [14]. In the study of
superconducting fluctuation, NMR experiments were performed under the several magnetic fields
for k-Br and x-NCS salts. The direction of the external magnetic field was perpendicular (b-axis
for k-Br and a*-axis for k-NCS ) and parallel (c-axis for k-Br and any in-plane direction for x~-NCS
) to the conduction plane. We also performed NMR experiments on deuterated x-d[n,n|-Br salts
(n = 2,4), in which the hydrogen at the ethylene group of BEDT-TTF molecule was partially
and fully enriched with deuteron for n is 2 and 4, respectively. The deuteration to x-Br salt
brings the electronic state toward the antiferromagnetic phase [57]. For the deuterated samples,
field orientation was fixed to the ¢ direction to eliminate the angle dependence of 1/77T values
originating from the angle dependent hyperfine coupling constant and investigated quantitatively

the deuteration effect.

Table 4.1: List of samples

Sample | 3C enriched molecule | T, x

pristine BEDT-TTF 112K | 0%
TTF-7 BEDT-TTF 95K | 7%
TTF-9 BEDT-TTF 90K | 9%
STF-10 BEDT-STF 87K [10%
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Figure 4.3: NMR spectrum of x-Br

Figure 4.3 shows the NMR spectra of x-Br salt obtained at 200 K. The horizontal axis is the
NMR frequency shift with respect to the reference material of tetramethylsilan (TMS). For x-Br
salt, distinct two peaks were observed. In principle, as k-Br salt possesses eight independent *C
sites in magnetic fields, eight NMR peaks from each *C would be expected. In the field parallel to
¢ direction, however, every four peaks are superposed, and thus the two-peak structure is observed.
These two sites originate from two nonequivalent carbon sites at the C=C bond. Each side of the
C=C bond becomes nonequivalent when two BEDT-TTF molecules form a dimer. One site which
is close to the center of BEDT-TTF dimer is called inner site, and the other is called outer site.
From the field orientation dependence of peak positions studied by Soto et al. [58], peaks at 277
ppm and 474 ppm were respectively assigned to the inner and outer sites.

For the T} measurement, we integrated the NMR intensity of both inner and outer sites to
obtained the recovery profile of the nuclear magnetization, because the two peaks merge to form

a single peak at low temperature due to spectral broadening. As Tj for the inner site (75"*°") and

profile,

the outer site (77"") are different, we introduced a two-exponential function to fit the recovery
My — M(t)

t t
=0.5 — 0.5 —— . 4.1
MO exp < Tlouter) + exp ( Tlmner) ( )

Here, M(t), My represent the nuclear magnetization at ¢, in the thermal equilibrium state, respec-
tively. When the well-separate two-peak spectra are observed, Ti"" and TP"" can be measured
independently. From the separately obtained Ti™" and 7T°"*" in x-Br salt at the normal state, the

ratio Timer /TP appears to be temperature independent, and its value is almost 3. Figure 4.4 and
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4.5 show the recovery curves of the nuclear magnetization in the study of superconducting fluctu-
ation and impurity effect, respectively. Dashed line and solid line are corresponding to eq. (4.1).

All data is well fitted by this formula.
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Figure 4.4: Recovery profile of nuclear magnetization of x-Br at several magnetic fields and tem-

peratures. The horizontal axis was scaled by T determined at each temperature.
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Figure 4.5: Recovery profile of nuclear magnetization of pristine x-Br , TTF-9, and STF-10 samples

at several temperatures. The horizontal axis was scaled by Ti"°" determined at each temperature.
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Chapter 5

Results

5.1 Impurity effect

Figure 5.1 shows the spin susceptibility xspin for TTF-9 below 150 K, in which the core diamag-
netic contribution (—4.7 x 10~* emu/mol) is subtracted. In order to compare the Yy, of TTF-9
with pristine x-Br , we showed the previous data of pristine sample [12]. In the pristine sample
the slope of xspin changes at 35 K. This behavior was interpreted as due to the suppression of the
antiferromagnetic fluctuation [23]. In TTF-9, deviation was observed at almost 45 K. This result
implies that BEDT-STF doping suppresses the antiferromagnetic fluctuation and consistent with

the present results of NMR spectroscopy.

5.1.1 Local distortion by BEDT-STF doping

The broad NMR spectrum of TTF-9, shown in Fig. 5.2, indicates that the BEDT-STF doping
introduced the distribution in either Ay or x, both of which are determined by the electronic state
at the Fermi energy. In the spectrum of TTF-9, we could not resolve the signal from BEDT-TTF
sites close to or far from the BEDT-STF sites. The linewidth (inner site) of 106 ppm in TTF-9
is broader than that of 17 ppm in pristine x-Br salt at 200 K. This line broadening was also
observed in the samples, in which inhomogeneity is introduced by the X-ray irradiation [37, 22].
The X-ray irradiation to x-Br salt induces metallic conductivity at high temperatures [59]. The
comparable linewidth induced by BEDT-STF doping and X-ray irradiation leads us to expect that
the conduction electrons are significantly modified by the BEDT-STF impurities.

Although broadened, the peak positions of TTF-9 are identical to those of pristine sample.
This result suggests that at high temperatures the impurity effect appears locally, and the averaged

magnetization over entire sample are almost unchanged. Whereas for STF-10, as o and Ay for
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Figure 5.1: Temperature dependence of spin susceptibility of TTF-9 under the magnetic field of
4 T perpendicular to the conduction plane. The data of pristine x-Br was previously reported by

Kawamoto et al. [12].

BEDT-STF molecular orbital is different from those of BEDT-TTF molecule, the peak positions
are shifted, and the peak separation becomes small. To this time, o for BEDT-STF molecule has
not been determined. However, the separation between two peaks AK is proportional only to
Ayprx and independent of o because o is almost identical between inner and outer sites. The ratio
of AK between STF-10 and pristine sample is 1.43. The bulk magnetization measurement, and
NMR shift measurement in TTF-9 suggest that the uniform susceptibility y is not modified by
the BEDT-STF doping of less than 10 %. From this result we can assume that the small AK in
STF-10 is mainly due to the small Ay at the BEDT-STF molecule. As Ay is directly related to
the local electronic structure, the small Ay at the BEDT-STF site indicates that the electronic

states are locally distorted, which will then scatter the conduction electrons.

5.1.2 Magnetic fluctuation in the normal state

The bulk magnetization is almost unchanged by BEDT-STF doping at the temperatures higher
than 100 K. At low temperatures, however, the suppression of magnetic fluctuations were observed
from 1/T77T measurement. As shown in Fig. 5.3, in pristine sample a maximum of 1/77T was
observed at T* = 50 K, below which 1/TT decreases and becomes temperature independent in

the Fermi liquid state just above T,. In TTF-7 and TTF-9, the peak behavior of 1/7}T around T*
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Figure 5.2: NMR spectrum in pristine x-Br, TTF-9 and STF-10 samples at 200 K. Magnetic field

of 7T was applied parallel to c-axis.
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Figure 5.3: Temperature dependence of 1/T}T for various salts. Left scale is corresponding to the

1/T\T of pristine k-Br, TTF-7 and TTF-9. Right scale is corresponding to that of STF-10.

is reduced, and the Fermi liquid behavior was observed from the temperatures higher than that in
pristine sample. As the (1/717T)ar term increases at low temperature, the suppression of the peak
behavior at 7%, and doping independent high temperature behavior indicate that the (1/777)ar
term is suppressed, but the (1/777T)gy, term is barely affected by BEDT-STF doping. When a
mechanical pressure is applied to x-Br salt, the(1/T17T gy, term is reduced because of the increase
in the bandwidth, and accordingly the (1/77T)ar term is suppressed [36]. The suppression of
only (1/T7T)ar term was observed in the X-ray irradiated x-(BEDT-TTF),Cu(NCS),, in which
the antiferromagnetic correlation is disturbed by the vacancies introduced by X-ray irradiation
[37]. The BEDT-STF doping effect can be understood as the scattering of antiferromagnetic
correlations by the BEDT-STF impurity. When conventional Lorentz form is assumed for the

dynamical susceptibility,

- X0
X(Qaw) - 1+Q2§2_iw/r7 (51)

its temperature dependence is characterized by the antiferromagnetic correlation energy I'. The
temperature dependence of 1/77T above 100 K is identical between TTF-9 and pristine samples.
This result suggests that the BEDT-STF doping does not modify the antiferromagnetic correlation
energy, but does limit the antiferromagnetic correlation length £ to the mean impurity-impurity
distance at low temperatures. As I' should be reduced when the bandwidth becomes large, the

invariant I" after BEDT-STF doping is consistent with the small effects on (1/717)gr, term. The

43



bulk effect of BEDT-STF impurity has been revealed by studying TTF-7, and TTF-9. Now, the
local effect at the BEDT-STF site can be investigated by measuring STF-10. The result of 1/T1T
measurement on STF-10 is shown in Fig. 5.3 with the right scale. The temperature dependence of
1/TVT in STF-10 can be scaled to TTF-9 at all temperature range by multiplying a factor of 2.4.
As shown in eq (2.4), 1/T,T is proportional to AZ.. Since the obtained constant factor of 2.4 is
close to the square of the ratio between Ay¢ for BEDT-TTF and BEDT-STF molecules, which has
been estimated as 1.43 from the separation of two-peak NMR spectra, this factor is explained only
by the difference in Ay¢. The consistency between NMR shift and 1/777 results strongly suggests
that the magnetic susceptibility is uniformly modulated, and the local susceptibility at the BEDT-
STF sites is equivalent to the other BEDT-TTF sites. In a case of nonmagnetic Zn doping to
YBCO, a staggered moment is induced near the nonmagnetic impurity. A strong magnetism is
not induced at and near the BEDT-STF sites, because the frontier molecular orbital, which is
constituted of 10 carbon and 8 sulfur atomic orbitals, is not significantly modified by substitution
of two Se atoms. Whereas for cuprate, as the whole atomic orbital is replaced by substituting
Zn atom for Cu atom, drastic change in local magnetism was observed. We conclude that the
BEDT-STF impurity brings about a weak potential disorder in the conduction band.

The impurity potential of BEDT-STF molecules can be estimated by calculating the binding
energy of the highest occupied molecular orbital (HOMO). The HOMO energy of BEDT-TTF Erprp
and BEDT-STF Egsrr calculated numerically by MOPAC 2012 program are Eppp = —6.9810 eV
and Fgrr = —6.7058 eV. In k-Br salt, two BEDT-TTF molecules form a dimer, and the bonding
orbital of the dimer is at the Fermi energy. The energy for the bonding orbital of the BEDT-
TTF=BEDT-STF dimer can be calculated as —7.12 eV, which is 0.10 eV larger than the energy
for BEDT-TTF dimer. A dimer with two BEDT-STF moleculs can be neglected, because its con-
centration is only 1 % when the BEDT-STF doping concentration is 10 %. As the bandwidth has
been estimated as 0.6 eV [19], the impurity potential of 0.1 eV will scatter weakly the conduction

electrons.

5.1.3 Superconducting breaking effect

At high temperature, the small potential disorder appears to be detrimental to the long range
magnetic correlations. In this subsection we discuss the impurity scattering effect on supercon-
ducting properties. For pristine sample in 7 T, 1/T,T demonstrates T2 temperature dependence
just below T, and the Fermi liquid-like behavior (1/77T o const.) appears at low temperatures
(Fig. 5.4). This temperature dependence is characteristic of unconventional superconductivity with

nodes on superconducting gap. The low-temperature Fermi liquid-like behavior originates from
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Figure 5.4: Temperature dependence of 1/77T in each sample for the superconducting state.
Vertical and horizontal axes are normalized at the value of T,.. Solid lines are the calculation by

considering the residual density of states near the Fermi energy.

the residual density of states induced near the gap nodes by the external magnetic fields. The
overall temperature dependence in the superconducting state is consistently explained by a model
of d-wave superconducting gap with some residual density of states at low energy. The good fit
of our calculation to the experimental data confirms that superconductivity in x-Br possesses a
d-wave symmetry.

In TTF-7 and TTF-9, 1/T7T at the lowest temperature increases with increasing the doping
concentration. As 1/T7T at the lowest temperature is determined by the residual DOS, the in-
crease in 1/T1T by doping indicates that the impurity scattering generates additional DOS. The
impurity scattering rate 1/7 can be estimated by fitting 1/7 data to our model calculation. We
can determine DOS with impurity scattering by Eilenberger equation [60]. From the diagonal

components of quasiclassical Green’s function

g = wy + h{g) /2T (5.2)

V{wi+R{g)/27)% + [AP[g]

DOS is obtained after the analytic continuation to the real axis, w; — —iw + 0. Here, w; is the

Matsubara frequency and defined as (21 + 1)wkgT (I = 0,1,2,---). A is gap function and ¢ is
anisotropy factor. We hypothesized the two dimensional d-wave anisotropy, ¢(k) = cos26,. The
results for TTF-7, TTF-9 and pristine x-Br are shown in Fig. 5.4 (solid lines). For pristine x-Br, we

assumed that the residual DOS are generated by the scattering by vortex cores. This assumption is
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Figure 5.5: Relation between T, and A/27. T, = 11.2 K and T, of each sample are displayed
in Table 4.1. //27 was determined by fitting 1/7) data to model calculation. The solid curve is
calculated from eq. (5.3).

valid in the present context, as all the NMR experiments were performed in a comparable magnetic
field strength, and therefore residual DOS induced by magnetic fields should be constant for all
sample no matter what the mechanism is. As a result, the values of i/27 are 0, 0.15, 0.18 for
pristine x-Br, TTF-7 and TTF-9, respectively. A more sophisticated calculation, which includes
DOS generation by Doppler shift, will be required to compare the results obtained in different
magnetic fields.

The relation of the observed T, and the parameter of /27 for each sample is plotted in Fig. 5.5.
Solid line shows the suppression of T, from the T, of pristine x-Br, Ty, which is calculated using

the scattering time 7 as [61]

In

T = /1 1
< 4+ ok TCE —— —F ] =0. 5.
T, e =0 (Wl wl—i-h/QT) ( 3>

c0

The observed T, for each sample is almost explained by this relation, which suggests that the
impurity potential of BEDT-STF molecular orbitals scatters the quasiparticles, and suppresses T..
The decreasing rate of T.. /T, for experiments is slightly larger than that for calculation. This result
indicates that another factor of decrease in T, exists, that is, chemical pressure effect. Substituting
of BEDT-STF molecule for BEDT-TTF molecule causes the increase in bandwidth, and then in
the pressure-temperature phase diagram of k-(BEDT-TTF), X, k-Br salt is shifted at high pressure
side by BEDT-STF doping. The mechanism of T, suppression by BEDT-STF doping has not been
revealed by the resistivity measurement. The present NMR experiment unravels unambiguously

the microscopic mechanism of 7, suppression.
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In STF-10 sample, the local effect of quasiparticle scattering would be observed. At the doping
concentration of 10 %, however, temperature dependence of 1/7} in STF-10 is almost the same
as that in TTF-9. Similar to the high-temperature magnetic susceptibility, superconducting prop-
erties are also uniformly affected by the impurities. The in-plane coherence length in x-Br has
been measured as approximately 30 A[51, 25]. Whereas the mean distance between BEDT-STF
impurities at © = 10 % is estimated as 17 A from the in-plane lattice constants a = 12.942 A, and
¢ = 8.539 A. These length scales indicate that 10 BEDT-STF molecules are located within the
coherence volume. Therefore, a quasiparticle is scattered by several impurities within a coherence,
and the impurity effect at the impurity site is averaged to result in a uniform quasiparticle state.
A experiment on the sample with smaller doping concentration, in which one impurity exists in a

coherence volume, is required to investigate the scattering effect by a single impurity.

5.1.4 Summary

We performed *C NMR measurements in pristine and BEDT-STF doped s-Br . We observed
the electronic states at near and far from the impurity site by utilizing the selectively *C en-
richment BEDT-TTF or BEDT-STF molecules. BEDT-STF doping causes the decrease in the
peak of 1/T7T at 50 K, that is, the disturbance of the antiferromagnetic correlation. The result of
the same temperature dependence of 1/71T at bulk and impurity sites indicates that magnetism
of BEDT-STF doped x-Br is homogeneous in the normal state. In the superconducting state,
1/T far below T, is increased with BEDT-STF doping and proportional to temperature. These
results show the increase in residual density of states at Fermi energy. Hence, the reduction of T,
is originated from the impurity effect. The temperature dependence of 1/7T; can be explained by
introducing the residual density of states at Fermi energy into the d-wave quasiparticle density of
states, which is a good evidence that x-Br has d-wave superconducting gap. Temperature depen-
dence of 1/T; at the impurity site has also the same as that at bulk site. This result is assumed to
be due to observing the averaged quasiparticles that is scattered by some BEDT-STF molecules

within a coherence length.

5.2 Superconducting fluctuation

5.2.1 k-(BEDT-TTF),Cu[N(CN),|Br

Figure 5.6 shows the temperature dependence of 1/T1T for k-Br salt in various magnetic fields.

The temperature-independent Fermi liquid behavior as eq. (2.4) was observed below 20 K, which
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confirms that the magnetic fluctuations near antiferromagnetic transition are sufficiently sup-
pressed, and the Fermi liquid state is established when superconductivity sets in. The vertical
dashed line in Fig. 5.6 denotes the mean-field 7, = 10 K, which was determined by the abrupt
decrease in NMR shift at 0.75 T. (Right scale of Fig. 5.6(a)) When magnetic field of 8 T is applied
perpendicular to the conduction plane H, (Fig. 5.6(a)), superconductivity is completely destroyed
and Fermi liquid behavior persists down to 4.2 K. In smaller fields, 1/777T deviates from the Fermi
liquid behavior below 14 K, which is higher than the mean-field 7. = 10 K. We suggest that the

decrease in 1/T7T above T, is caused by the fluctuating superconducting order parameter.
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Figure 5.6: Temperature dependence of 1/77T for x-Br salt in various magnetic fields perpendicular
(a) and parallel (b) to the conduction plane. Open symbol shows the temperature dependence of
NMR shift in 0.75 T. Dashed line denotes the mean-field 7, = 10 K, which was determined by
the abrupt decrease in NMR shift. The reduction of 1/71T observed above T, indicates that the

fluctuating superconducting order parameter affects the quasi-particle density of states.

The reduction of 1/T1T was also observed in the parallel magnetic field (Fig. 5.6(b)). As 8
T is not strong enough to suppress superconductivity and induce Fermi liquid behavior at low
temperatures, the onset of 1/77T reduction was determined as the temperature at which 1/777T
deviates from the high-temperature Fermi liquid behavior. The onset for H, (14 K) is slightly
higher than that for H (13 K). This subtle difference is due to the anisotropy of coherence length.

Since decrease in 1/T7T at temperatures higher than 7. was observed in both H, and Hj, we
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conclude that x-Br salt shows fluctuating superconducting state regardless of the magnetic field

directions. Present results indicate that the density of states process is dominant in k-Br salt

compared to the Maki-Thompson process.
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Figure 5.7: Temperature dependence of 1/TT for xk-NCS salt in magnetic fields perpendicular

(a) and parallel (b) to the conduction plane. Open symbol shows the temperature dependence of

NMR shift in 2 T, which determined the mean-field T, = 9 K. Although T is comparable to that

for k-Br salt, k-NCS salt shows the reduction of 1/77T above T, only in the temperature range

very close to T..

The same measurements were performed for xk-NCS salt, and the results were displayed in

Fig. 5.7. The Fermi liquid behavior was observed at all temperature region in H, = 8 T. At

a small field, deviation of 1/77T from the Fermi liquid behavior starts almost at the mean-field

T. = 9 K. Similarly, in a parallel field, the decrease in 1/T1T from the temperature-independent

value was observed only below 7,.. These results indicate that the temperature region, where

superconducting fluctuations become significant, is limited very close to T, in xk-NCS salt.
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5.2.3 The difference of superconducting fluctuation in x-(BEDT-TTF), X

Now, we compare the results of xk-Br and x-NCS salts. Although superconducting transition
occurs at comparable temperatures in both salts, the reduction of 1/77T due to the superconduct-
ing fluctuation was observed only in x-Br salt, in consistent with Nernst effect and magnetization
measurements [46, 52|. The superconducting parameters for x-Br and x-NCS salts should be
compared to understand the universal behavior of fluctuating superconducting state.

In the critical regime above T, the short-range superconducting coherence can be observed
when the thermal energy becomes comparable to the energy cost required to induce superconduct-
ing gap within the Pippard length £. Therefore, the critical temperature range is determined by
the superconducting gap size A, T,, and &, as

2
T — T, kgT,
x =G, 5.4

Tc gﬁgLA ( )

where £ and £, are the in-plane and inter-plane Pippard length. The typical temperature range
for a three-dimensional BCS superconductor is as narrow as G ~ 107%. Wider critical regime is
expected for low dimensional superconductors with short &,. Our experimental results suggest
that G of k-Br salt reaches to the order of 107!, which is comparable to the results obtained for
high-T, cuprate.

We estimated the ratio 2A/kgT, from the temperature dependence of 1/T; in the supercon-
ducting state. Figure 5.8 shows the temperature dependence of 1/77 normalized at T, for x-Br
and k-NCS salts. The power-law temperature dependence suggests that d-wave superconductivity
with nodes on superconducting gap is realized in both x-Br and x-NCS salts. The fit to the tem-
perature dependence with the theoretical curve for d-wave superconductivity gives the estimation
of 2A/kgT,, which are 7 for x-Br salt and 5 for k<-NCS salt. The ratio between x-Br and x-NCS
salts is in perfect agreement with the values reported in the literature [25]. We note that the large
A for x-Br salt seems to reduce critical temperature regime defined in eq. (5.4). However, because
the Pippard length is also related to A as & = hvp/mA, the larger A increases the critical regime by
reducing the coherence length. Here we assumed that only the coherence length in the conduction
plane §| is determined by A because of the two-dimensional nature of superconductivity in « salts.
In fact, & for x-Br salt (3.7 nm) is twice shorter than that for xk-NCS salt (7.0 nm), whereas &, is

almost comparable between x-Br and x-NCS salts [25].
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Figure 5.9: Deuteration effect on the Fermi liquid state near 7. Strong temperature dependence
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ferromagnetic phase transition.
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5.2.4 Deuteration effect of x-(BEDT-TTF),Cu[N(CN),|Br

The larger A is expected for the deuterated k-d[4,4]-Br salt, which locates very close to the
antiferromagnetic phase. Previous NMR study for k-d[4, 4]-Br salt suggested a possibility that the
critical superconducting regime starts from rather high temperatures [62]. We also measured 1/717T
near T, for k-d[4, 4]-Br salts with n = 0, 2, 4 applying the magnetic field of 6 T along the ¢ direction.
In Fig. 5.9, a strong temperature dependence of 1/77T was observed around 20 K in x-d[4, 4]-Br salt
in consistent with previous report [62]. This behavior cannot be directly interpreted as the effect of
fluctuating superconducting order parameter, because enhanced magnetic fluctuations contaminate
the pure effect of superconducting fluctuations. The strong temperature dependence observed in
k-d[4, 4]-Br salt indicates that the (1/777T)ar term remains dominant until low temperatures. The
increase in 1/71T by enhanced magnetic fluctuations was observed only above 30 K in x-d|2,2]-
Br and k-d[1,1]-Br salts. This (1/717)ar term is suppressed below 20 K, and the Fermi liquid
state is stabilized at T, in these salts. The comparable constant value of 1/7T7T = 0.035 sTIK!
indicates that the deuteration does not significantly modify the (1/777)gr, term. We suggest, from
the deuteration independent behavior of 1/77T below 14 K, that x-d[4,4]-Br salt also shows the
reduction of (1/77T)gL term due to superconducting fluctuation near T, although details were

hindered by the (1/T1T)ar term.

5.2.5 Summary

In summary, we observed the reduction of 1/7}T starting above T, in x-Br salt in fields both
parallel and perpendicular to the conduction plane, and addressed the fluctuating superconducting
order parameter as the origin of this reduction. The microscopic NMR experiment enabled the
direct observation of quasi-particle density of states in the fluctuating superconducting state. We
revealed that, in the fluctuating superconducting state in x-Br salt, the quasi-particle density of
states is reduced from the normal-state value because of the dominant density of states process. In
k-NCS salt, the reduction of quasi-particle density of states due to superconducting fluctuation was
observed only in the temperature range very close to T,.. Our systematic study clarified the field-
orientation dependence of the superconducting fluctuation and convinced that the superconducting
fluctuation has larger effect on 1/717 in x-Br salt than that in xk-NCS salt. From the estimation
of superconducting gap size for k-Br and x-NCS salts, we suggest that the small critical regime
in k-NCS salt is due to the long coherence length. We also measured 1/777 in the deuterated
k-d[n,n]-Br salts, and found that the deuteration induces the large (1/777)ar term even at T,

which contaminates the pure effect of superconducting fluctuation. These results indicate that
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k-d[0, 0]-Br salt is an ideal system to study pure effect of superconducting fluctuation, and provide
microscopic information to understand the electronic properties in the fluctuating superconducting

state.
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3C NMR Studies of Magnetic
Fluctuations in \-(BETS),GaCly
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Chapter 6

Introduction

6.1 Basic properties of A-(BETS),GaCl,

6.1.1 Crystal structure

As shown in Fig. 6.1(a), \-(BETS),GaCly salt has quasi-two-dimensional structure, consisting
of conducting layers of BETS molecules and insulating layers of GaCly,. In the conduction plane,
BETS molecules are arranged as A-modification, in which all molecules are oriented parallel to
each other and two BETS molecules form a dimer. As a result, this salt possesses the half-filled
electron system as well as k-(BEDT-TTF),X. Band structure reflects the dimerization, that is,
there is a splitting between bonding and anti-bonding orbitals as shown in Fig. 6.2. Although the
arrangement of \-modification is completely different from that of k-modification, the shape of the

Fermi surface is similar to each other.

6.1.2 Physical properties

Figure 6.3 show the temperature dependence of the resistivity of A-(BETS),GaCly salt [64].
Resistivity shows a semiconducting behavior at room temperature and a broad hump at 100 K.
Below 100 K, system becomes metallic and then superconducting transition was observed at 6 K.
Susceptibility measurement shows consisting result as shown in Fig. 6.4. Although the suscepti-
bility slightly increases with decreasing temperature, the result can be understood as the Pauli

paramagnetic behavior down to 7.
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Figure 6.1: Crystal structure of A-(BETS),GaCly salt.

6.1.3 Superconductivity

Recently, superconducting properties of A\-(BETS),GaCl, salt have been extensively studied.
Near the upper critical field, hints of the presence of a Fulde-Ferrell-Larkin—Ovchinnikov phase
have been found in several experiments [64, 67, 68]. Thermodynamic properties were measured in
the superconducting state under various magnetic fields as shown in Fig. 6.5 [66]. Electronic specific
heat is proportional to T? at zero field far below 7. and shows linear temperature dependence with
increasing magnetic fields, suggesting the d-wave superconducting gap symmetry. The anisotropy
of the superconducting gap has been also studied by other probes (Table 6.1) but its symmetry
has not been determined completely. To investigate the properties of superconductivity, NMR
experiments can provide the information of superconducting gap symmetry microscopically. Hence,

we performed the NMR measurements of A\-(BETS),GaCly salt in the superconducting state.

Table 6.1: Experimental investigation of superconducting gap symmetry in A-(BETS),GaCly .

Experiment Symmetry Ref.
Microwave conductivity s-wave [69]
STM d-wave [70]

Specific heat d-wave [66]

puSR s- or d-wave 7 | [71]
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Figure 6.2: Energy band structure and Fermi surface [63].

o8



Resistivity (u Q m)

1004 '

| %2 é

e #1

13

0,1. ——rr . — . .:
10

' 100
Temperature (K)

Figure 6.3: Temperature dependence of resistivity in A\-(BETS),GaCly salt [64].
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Figure 6.4: Temperature dependence of susceptibility in A-(BETS),GaCly salt cited from Ref. [65].
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Figure 6.5: Temperature dependence of specific heat at several magnetic fields [66].

6.2 Phase diagram study of A-modification

6.2.1 Donor substitution

To reveal the mechanism of superconductivity in A-(BETS),GaCly salt, the electronic phase
near the superconducting state should be investigated. In spite of extensive studies for the su-
perconductivity, the pressure-temperature (P-T") phase diagram has not been established in the
A-modification in contrast to the well-known s-modification [19]. To investigate the P-T phase
diagram of the A-modification, a preliminary study was conducted wherein the bandwidth was con-
trolled by changing the donor in a series of A-D,GaCly (D= BEDT-TTF, BEDT-STF, BETS) salts
[72]. As shown in Fig. 6.6, the A-(BEDT-TTF),GaCly and A-(BEDT-STF),GaCly salts are insula-
tors whereas the A-(BETS),GaCly salt is metallic at ambient pressure. Resistivity measurements
taken of the \-D,GaCly salts under pressure revealed that the substitution effect of BEDT-TTF,
BEDT-STF, and BETS molecules can be understood in terms of chemical pressure, but in their re-
port, superconductivity of A-(BEDT-STF),GaCly salt under pressure was not observed. Recently,
a superconducting phase transition was observed in the A\-(STF),GaCly salt above 1.22 GPa [73]
(Fig. 6.7). Authors suggested that no indication of superconductivity in the previous experiment
is considered as due to the sample quality.

Regarding the magnetic properties, the ESR measurement for A\-(BEDT-TTF),GaCly salt sug-

gests an antiferromagnetic phase transition at Ty = 13 K [72]. Recently, *C NMR measurements
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Figure 6.6: Temperature dependence of resistivity for A-DyGaCly under applying pressures [72].
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Figure 6.7: Temperature dependence of the resistivity in A-STF,GaCly at several pressures [73].
Applying pressures are (a) 1.10, (b) 1.22, (c¢) 1.27, (d) 1.31, (e) 1.35, (f) 1.60, and (g) 1.90 GPa.
(a) to (f) and (g) were obtained for the different samples.
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STF),GaCly salts using '3C NMR.

were performed in A\-(BEDT-TTF),GaCly and A-(BEDT-STF),GaCly salts [74, 75]. Figure 6.8
shows the temperature dependence of 1/717T in the A-(BEDT-TTF),GaCly (triangles) and -
(BEDT-STF),GaCly (circles) salts. In A-(BEDT-TTF),GaCly salt, a divergent peak of 1/777 and
discrete NMR line splitting were observed at 13 K, suggesting the commensurate antiferromag-
netic phase. On the other hand, 1/T17T of A-(BEDT-STF),GaCly salt increases with decreasing
temperature down to the lowest temperature, which indicates the development of antiferromag-
netic fluctuation. Magnetic susceptibility measurement also suggested that no magnetic transition
[73]. From these results, we can obtain a P-T phase diagram (Fig. 6.9) that plots the Tx, T,
and semiconductor-metal crossover temperature Ty cited from Ref. [65, 72, 73]. The positions
of each salt in terms of pressure were estimated by comparing trends in the resistivity and the
pressure dependence of T,. From the P-T phase diagram, it is interesting to examine the effect of

the antiferromagnetic phase on the electronic state at high pressure region.

6.2.2 Anion substitution

On the other hand, physical properties in a series of A-(BETS),GaBr,Cly_, (0 < z < 2.0)
have been investigated [65]. Figure 6.10 shows the temperature dependence of resistivity in A-

(BETS)2GaBr,Cly_, (0 <z < 1.50 ) salts. With increasing the bromine content, the 7. increases
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Figure 6.9: Pressure-temperature phase diagram of A\-DyGaCly [72].

up to z = 0.69, and then superconductivity is suppressed. The metal-insulator crossover tempera-
ture around 100 K in x = 0 is decreased with increasing x and finally the sample of z = 1.5 shows
the insulating behavior in the entire temperature range.

Magnetic susceptibility has also been studied between 0 < z < 1.3 as shown in Fig. 6.11.
When z is 1.3, susceptibility is depressed below 25 K and no anisotropy was observed. Therefore,
author suggests that the phase adjacent to the superconducting phase of A-(BETS),GaCly salt is

nonmagnetic insulating phase.

6.3 Previous NMR studies of A-(BETS),GaCl,

The effect of these electronic phases to the electronic state of A\-(BETS),GaCly salt is of great
interest to consider the mechanism of superconductivity. In order to study the effect of them,
NMR spectroscopy is one of the best probes because the local spin susceptibility and magnetic
fluctuations can be observed through the Knight shift and the nuclear spin-lattice relaxation time
T} measurements, respectively. So far, ”’Se NMR measurement have been performed. Figure 6.13
shows the temperature dependence of 1/TyT for 7"Se NMR using single crystal in the metallic state
[76]. 1/T7T shows constant down to 10 K suggesting the Fermi liquid state, and then increases
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Figure 6.10: Temperature dependence of resistivity in A-(BETS)GaBr,Cly_, (0 < z < 2.0) and
)\-(BETS)QG&ClgFl [65]

below 10 K. Authors suggested that antiferromagnetic fluctuation. However, the linewidths of " Se
NMR using randomly oriented samples and single crystal samples show the different behaviors at
low temperatures [76, 77].

'H NMR measurement have also been performed, but the result is quite different from that of
"Se NMR measurement. Because the 'H site of ethylene group of BETS molecules weakly couples
with the electron system, the mechanism of relaxation process can be originated other than the
electronic system. Therefore, 'H site is not suited to study the electronic state of BETS systems.
The contradictions arise from experimental difficulties with low sensitivity and broad linewidths
in 7"Se NMR signal and the additional relaxation mechanism from molecular motions due to weak
coupling of the 'H nuclei with the 7 conducting electrons.

Therefore, measurements from the well-established 3C nuclei are desirable [78]. In this study,
we performed these *C NMR measurements by synthesizing *C-enriched BETS molecules in
which one side of the central C=C bond is replaced by ¥C. By using the *C-enriched sample,
we can overcome the difficulties of previous NMR studies because the 3C sites exhibit a sharp
spectral response, high sensitivity, and large electron density at the nucleus. Hence, we can reveal

the magnetic properties of A-(BETS),GaCly salt more clearly.
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6.4 Motivation of the study

Because several insulating phases have been proposed as the adjacent phase of \-(BETS),GaCl,
salt, we investigated the effect of them to the paramagnetic state of A-(BETS),GaCly salt by 3C
NMR measurement. Furthermore, we studied the symmetry of superconducting gap through the
13C NMR measurement in the superconducting state to discuss the effect of adjacent electronic

phase on the superconductivity.
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Chapter 7

Experiments

7.1 Sample preparation

We prepared A\-(BETS),GaCly salt using *C enriched BETS molecules. BETS molecules were
prepared in accordance with the prescription given in Ref. [79]. At the last step of the synthesis
of BETS molecules, 15 % of 3C-enriched ketone (1) and 85 % of naturally abundant ketone (2)
were mixed (Fig. 7.1). Thereby we obtained 72 % of C=C molecules (3), which is NMR inactive,
26 % of ¥C=C molecules (4), and 2 % of ¥*C=3C molecules (5). This coupling ratio statistically
reduces the products of ¥C=!3C molecules, which cause contamination of the NMR spectrum
through the Pake doublet effect [56]. We determined the actual ratio by mass spectroscopy as
72 % of C=C molecules, 28 % of 3C=C molecules, and the trace amount of ¥*C='3C molecules.
Single crystals of the A-(BETS),GaCly salt were grown by the electrochemical oxidation method
[80]. The typical size of the sample used in NMR measurements is 6.0 x 0.28 x 0.23 mm®. A
T, of 5.8 K was confirmed from the increase in the resonance frequency of the NMR coil at zero

magnetic field as shown in Fig. 7.2.

7.2 NMR measurement

The NMR experiment in the paramagnetic state was conducted in a magnetic field of 6.5 T. We
measured the magnetic field angle dependence of NMR spectra in the a*b*-plane. The orientation
of the magnetic field § = 0° corresponds to the magnetic field parallel to the conducting plane.
Temperature dependence of NMR spectra was measured at # = —16° where the peak separation
of each site becomes the largest to determine the NMR shift precisely. This field direction is
perpendicular to the molecular plane. The nuclear spin-lattice relaxation time 77 was measured

at the same condition, but we could obtain the reliable data only at low temperatures because
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Figure 7.3: NMR spectra at the field direction of § = —16° and 56° at 100 K.

of long T;. Therefore, the entire temperature dependence of T} was measured at 6 = 56° where
T1 becomes shortest and all peaks are superposed. This field direction enables to obtain the high
quality 77 data due to the high intensity of the signal and short 77. In these field directions, the
upper critical field at 1.5 K is substantially lower than 6.5 T, so that the superconducting state
was completely suppressed in the study of the paramagnetic state. In the NMR experiment of
superconducting state, magnetic fields of 2.5 T and 6.5 T were applied parallel to the conduction
plane precisely (6 = 0°), in which the upper critical field becomes the largest as ~ 10 T [64, 67, 68].

The NMR spectra were acquired by fast Fourier transformation of the echo signal with a 7/2-
7 pulse sequence. Typical 7/2 pulse lengths were 2 us. The NMR shifts with respect to the
reference material of tetramethylsilane (TMS) and linewidths (full widths at half maximum) were
evaluated by fitting the peaks to Lorentzian fitting functions. 7T} measurements were performed
by the conventional saturation-recovery method.

In the A\-(BETS),GaCly salt, there are two crystallographically nonequivalent molecules A and
B, which have respectively equivalent molecules A’ and B’ related by inversion symmetry in a unit
cell (Fig. 6.1). One BETS molecule has two crystallographically independent 3C sites, so that

four peaks can be expected in the NMR spectrum. Actually, we observed at most two peaks I

71



and II (Fig. 7.3) at 6 = —16. We deduce that the ratio of intensities of peaks I and II is about
3 : 1. Therefore peak I is composed of three sites. Note that a shoulder structure in the left peak
can be seen. This can be understood as a consequence of the superposition of the three sites. T3
were estimated for peak I at § = —16° and for observed single peak at 56°. The single peak at
56° is due to the superposition of four 3C sites. Because each 3C site has different hyperfine
coupling constant, the recovery profile deviates from the single exponential function. To correct
this deviation, we used a stretched exponential function,

Mo — M(t)

e (— (t/Tl)ﬁ) . (7.1)

Here, M(t) and M, are the nuclear magnetizations at ¢ and at thermal equilibrium, and [ is the

stretching exponent. The recovery profiles could be fitted with 3 of 0.8 for all temperatures.

72



Chapter 8

Results

8.1 Paramagnetic state

8.1.1 NMR shift and linewidth

Figure 8.1 shows the temperature dependence of the NMR spectra. The NMR shift of peak I
significantly depends on the temperature rather than that of peak II due to the difference of the
hyperfine coupling constant. The temperature dependence of the NMR shift is shown in Fig. 8.3.
As discussed in 2.1, the NMR shift §° can be written as §' = K+ o = A’y + o (i identifies results
related to peaks I and II). To assess quantitatively the degree of spin susceptibility, we evaluated
the A" and o by 6 plot (Fig. 8.2). We assume the same chemical shift for peaks I and II because
the chemical shift is insensitive to the difference between A and B molecules and to the position
of the central 3C sites [81]. Spin susceptibility data are cited from Ref. [65]. In consequence, Al
for peak I is 2.61 kOe/up, A for peak II is 8.55 kOe/up, and o is 149 ppm. The o of 149 ppm is
comparable to that of BEDT-TTF molecules [78].

The Knight shift of each spectra is also shown in Fig. 8.3 with the corresponding scale given
to the right. The Knight shift weakly increases with decreasing temperature and shows peak
behavior at 20 K. With a further decrease in temperature, the Knight shift decreases, where
the linewidth steeply increases (Fig. 8.4). The linewidth at 1.5 K is approximately three times
larger than that at 20 K for peak II. The linewidth which has the larger hyperfine coupling
constant becomes broader at the lowest temperature. This result suggests that the line broadening
comes from the inhomogeneity of the spin susceptibility. The present result of line broadening is
consistent with that for 7"Se NMR. Moreover, we found that with decrease in temperature, the
line broadening is evident below 20 K, at which Knight shift starts to decrease. To quantitatively

discuss the distribution of spin susceptibility, we investigated the angle dependence of Knight
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Figure 8.1: (a)Temperature dependence of NMR spectra.
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Figure 8.4: Temperature dependence of linewidth.

shift and linewidth in 8.1.2. The behavior of Knight shift and linewidth can be explained due to
the development of magnetic fluctuations below 20 K. This interpretation is compatible with the

results of increase in 1/717" below 20 K as discussed in 8.1.3.

8.1.2 Angle dependence of NMR spectra

Field angle dependence of NMR spectra were measured at (a) 1.8 K and (b) 30 K as shown
in Fig. 8.5. By rotating the sample, NMR spectra change from asymmetric single peak to double
peak. Figure 8.6 shows the field orientation dependence of NMR shift (left scale, closed symbol)
and linewidth (right scale, open symbol) obtained by fitting with two Lorentzians. NMR shift
and linewidth vs field orientation curves can be fitted by the sine curve. From these fittings,
we can estimate that NMR shift shows the maximum at #=—18° and shows the minimum at
#=—108°. By considering the relation between crystal structure and field orientation, the maximum
(minimum) of NMR shift was observed when the magnetic field is applied perpendicular (parallel)
to the molecular plane. This result is consistent with the previous 7"Se NMR measurements
[76]. Because the chemical shift is 149 ppm, main contribution of the angle dependence of the
NMR shift is due to the Knight shift. Linewidth has also the same angle dependence as the
Knight shift. These results suggest that the angle dependence of Knight shift K () and linewidth
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Figure 8.5: Field orientation dependence of NMR spectra at (a)1.8 K and (b)30 K.
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w(f) can be written as, K(0) = A(f)x and w(f) = A(0)Ax. Here, A(f), x and Ay are the
hyperfine coupling constant, the spin susceptibility and the distribution of the spin susceptibility.
To evaluate the degree of electronic inhomogeneity, we discuss the relative distribution of the spin

density, Ax/x = w(0)/K(0). These values of each peak are displayed in Table 8.1.

Table 8.1: Relative distribution of the spin density Ax/x.

1.8 K | 30 K
peak I | 0.91 | 0.33
peak IT | 0.29 | 0.061

Ax/x for peak I is larger than that for peak II. This is consistent with the interpretation that
the peak I is composed of three 3C sites. Increasing ratios of peak I and II from 30 K to 1.8 K
are 2.7 and 4.9, which are correlated to the hyperfine coupling constant. This result suggests that
the increase in the linewidth with decreasing temperature is due to the inhomogeneity of local
spin susceptibility. We compare the results of *C NMR with 7"Se NMR measurements. The value
Ax/x = 0.29 of peak IT (7" = 1.8 K) is almost comparable with the value Ax/x = 0.3 (T'= 1.9 K)
obtained from "Se NMR experiment [76]. Note that the value of peak I cannot be compared
quantitatively due to the superposition of three 3C sites. Therefore, we suggest that the degree

of inhomogeneity of local spin susceptibility is essential for A\-(BETS),GaCly salt.

8.1.3 Spin-lattice relaxation time 7}
Magnetic fluctuation at high temperature

In order to study the magnetic fluctuation, we measured 77. Figure 8.7 shows the temper-
ature dependence of 1/T7T at 6 = 56°. 1/T\T increases with decreasing temperature down to
T* = 55 K. When the system has two-dimensional antiferromagnetic spin fluctuations, general
formula of eq. 2.3 can be rewritten as Curie-Weiss expression, 1/71'T = C /(T + ©) [82]. Here
C and O are the Curie constant and Weiss temperature. This expression is represented as the
solid line in Fig. 8.7 with values C' = (11.6 £+ 0.4) s™!, © = (31.5 &+ 4.2) K for § = 56°. The
temperature dependence of 1/T1T above T* is reproduced well by Curie-Weiss expression, which
suggests the existence of an antiferromagnetic fluctuation in A-(BETS),GaCly salt. Similar behav-
ior was observed in x-Br salt. 1/T71T for x-Br salt shows Curie-Weiss behavior above 50 K [12].
This temperature dependence of 1/T1T follows that for k-Cl salt which is an antiferromagnetically

ordered Mott insulator. This behavior suggests that the existence of antiferromagnetic fluctuation
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Figure 8.7: Temperature dependence of 1/T1T at § = 56°. Inset shows the temperature dependence

of the resistivity (left scale) and the temperature derivative of the resistivity (right scale).

in x-Br salt originates from the antiferromagnetic Mott insulating phase. As mentioned above, the
electronic phase of A\-D,GaCly salts can be understood using the P-T phase diagram in Fig. 6.9,
which suggests that the antiferromagnetic fluctuation of A\-(BETS),GaCly salt is derived from the
neighboring antiferromagnetic phase.

One candidate for the antiferromagnetic phase is the dimer-Mott insulator. Indeed, the inter-
molecular overlap integral in the dimer for the A\-(BETS),GaCly salt is similar to that for the s-type
salt with the interplanar distances of ~ 3.69 A for the A-(BETS),GaCly salt and ~ 3.56 A for the
x-Br salt [65, 83]. The tight-binding band structure calculation for the A-(BETS),GaCly salt also
shows this characteristic feature of a dimer—Mott system as shown in Fig. 6.2 [63, 65]. Therefore,
the superconducting phase of A-modification can be adjacent to the antiferromagnetic dimer-Mott
insulating phase.

At T*, 1/T1T shows a peak, below which 1/77T decreases. T* corresponds to the tempera-
ture where the resistivity shows the inflection, as shown in the inset of Fig. 8.7 [68]. This result
suggests that below T, which characterizes the crossover from semiconductor to metal, the de-
velopment of itinerancy suppresses the antiferromagnetic fluctuation. At around 30 K, 1/77T
becomes temperature independent and the resistivity shows 72 behavior. These are hallmarks of

a Fermi liquid state. The same relation between conductivity and antiferromagnetic fluctuation
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has been discussed in x-Br salt [47, 48].

Here, we discuss the difference between x-Br and A-(BETS),GaCly salts. In x-Br salt, the
temperature dependence of 1/T1T above T* is expressed as the sum of the (1/777)ar term and
(1/T7T)pr, term (eq. 3.2), which indicates that there is a relaxation process due to the band
structure at high temperatures. In addition, since the absolute value of 1/717T in the Fermi liquid
state is comparable to that at high temperature, we considered that the (1/77T)ar term is almost
suppressed in the Fermi liquid state. On the other hand, the temperature dependence of 1/77T
above T* is explained only the (1/717T)ar term, so that all carriers at the Fermi energy contribute
to the antiferromagnetic fluctuation. As a result, in the Fermi liquid state antiferromagnetic
electronic correlation is renormalized into the effective quasiparticle mass. These results imply

that the electronic correlation of A\-(BETS),GaCly salt is stronger than that of k-type salt.

Magnetic fluctuation at low temperature

Below 10 K, we found that 1/71T increases again in accordance with the Curie-Weiss behavior.
Figure. 8.8 shows the temperature dependence of 1/77T at 6§ = 56° (closed circles) and —16°
(open rectangles) below 70 K. Simultaneously, the result of 1/7,T for "Se NMR are plotted (open
triangles) [76]. From the result of 1/77T at = 56°, C' and © can be roughly estimated as (0.12 £
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0.03) s7', © = (0.69 + 0.50) K, indicating that the origin of increase in 1/T7T at low temperatures
is different from the antiferromagnetic fluctuation above 7*. This anomalous enhancement was
confirmed from the temperature dependence of 1/T1T at § = —16° and 1/T,T for ""Se NMR.. These
results suggested that increase in 1/T7T at low temperatures is intrinsic and independent of field
directions. A possible explanation of increase in 1/77 is the magnetic fluctuation enhanced by the
nesting effect of the Fermi surface. In fact, \-(BETS),GaCly salt has a one-dimensional sheets in
the Fermi surface [63, 84]. A similar Curie-like behavior of 1/71T was observed in (TMTSF),PFg
salt under pressures [85], at which the superconducting state emerges near the spin-density-wave
(SDW) phase. Resistivity measurements at the same pressure regions show linear temperature
dependence in the normal state, destroying the superconductivity by the weak magnetic field [86],
which suggests the non-Fermi liquid state. These results indicate that the SDW fluctuation is
realized in the non-Fermi liquid state. A similar situation can be expected in A-(BETS),GaCly
salt while the conducting properties have not been studied in the normal state near 7.. The
existence of SDW fluctuation can consistently explain the line broadening and decrease in the
Knight shift. Interestingly, in the alloy of A-(BETS),GaBr,Cly_, salts, the salts of z = 0.0 to x =
0.75 showed the semiconductor-metal crossover behavior and a metal-insulator transition occurred
at 18 K in z = 0.75 salt (Fig. 6.10), showing the anomaly observed in the magnetic susceptibility
measurement (Fig. 6.11) [65]. This metal-insulator transition might be the SDW transition.

Since the antiferromagnetic fluctuation at high temperatures is suppressed below 7™, it seems
not to be related with the superconducting state directly. The behaviors at around 7™ are rem-
iniscent of k-type salts, whereas the magnetic fluctuation at low temperatures can be intimately
related with the superconducting state, suggesting the different pairing mechanism from that of
k-type salts.

In this thesis, we explained the results below 20 K by the development of the magnetic fluc-
tuation. However, ""Se NMR measurement suggests that the line broadening at low temperatures
originates from the charge disproportionation in the conducting layer [76], which is still the possi-
ble mechanism. Since NMR spectroscopy is sensitive not to charge but also spin, charge sensitive
experiments such as infrared or Raman spectroscopies are needed to reveal the charge dispropor-
tionation.

The A-(BETS)yFeCly salt exhibits an antiferromagnetic phase transition at zero magnetic field
at 8.3 K, which has been thought to be derived from the interaction between Fe 3d spins [87].
Recently, specific-heat measurements indicate that the antiferromagnetism in the A\-(BETS),FeCly
salt is caused by the antiferromagnetic alignment of 7 spins, whereas the Fe 3d spins are in the

paramagnetic spin state [88]. Although the origin of antiferromagnetic ordering has been exten-
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sively studied, this aspect has not been settled as yet. The development of magnetic fluctuation
below 10 K in the nonmagnetic A-(BETS),GaCly salt indicates that the interaction between 7

spins of BETS molecules is a source of antiferromagnetic ordering in A\-(BETS),FeCly salt.

8.2 Superconducting state

8.2.1 Knight shift

In order to clarify the influence of the magnetic fluctuation existing in A\-(BETS),GaCly salt
on superconductivity, we performed the ¥*C NMR measurement in the superconducting state.
For this purpose, magnetic field is applied parallel to the conduction plane, in which the upper
critical field becomes the largest as 10 T. Figure 8.9 shows the NMR spectra at 6.5 T at several
temperatures. Two NMR peaks were observed and the NMR shift decreases with decreasing
temperature. Temperature dependence of NMR shift at 2.5 T and 6.5 T are plotted in Fig. 8.10.
NMR shift suddenly decreases below T, and the temperature of decrease in NMR shift is slightly
different between 2.5 T and 6.5 T depending on the 7T.. For more quantitative discussion, we
performed §'-6" plot at 6.5 T below T,, in which ¢ largely changes due to the superconducting

transition (Fig. 8.11). Because each peak can be expressed as §° = A’y + o, the relation between

o' and " as follows, . .
A A
I I
P o 5+ (1 o ) 0. (8.1)

As a result, we obtained AM/A! = 4.27 and ¢ = 200 ppm. The temperature dependence of
Knight shift is plotted in the right scale of Fig. 8.10. These results suggested that Knight shift
decreases towards zero with decreasing temperature. We concluded the spin-singlet Cooper pair

in the superconducting state of A-(BETS),GaCl, salt.

8.2.2 Spin-lattice relaxation rate 1/7;

Next we discuss the superconducting gap symmetry from 1/7; measurement, which provides
the information about the k-space. Figure 8.12 shows the temperature dependence of 1/T7 at 2.5 T
and 6.5 T. 1/T; decreases below T, and coherence peak was not observed. Absolute value of 1/7} at
6.5 T is larger than that at 2.5 T below T, due to the difference of T,.. The temperature dependence
can be well explained by the calculation assuming the two-dimensional d-wave superconducting
gap with 2A = 4kgT,. This value is consistent with that obtained by the thermodynamic study

[66]. These results indicate that the symmetry of superconducting gap is d-wave.
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Figure 8.9: Temperature dependence of NMR spectra under the magnetic field applied parallel to

the conduction plane.
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Figure 8.12: Temperature dependence of 1/7} at 6.5 T (green triangles) and 2.5 T (red circles).

Solid line shows the calculation result assuming the two-dimensional d-wave superconducting gap
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Figure 8.13: Temperature dependence of 1/T7T

Finally we discuss the relation between the magnetic fluctuation and the superconductivity.
Figure 8.13 shows the temperature dependence of 1/77T at 6 = 0° ( puoH || conduction plane)
with left scale and at # = 56° with right scale. Although 1/77T increases down to 1.5 K when
the superconductivity is suppressed, in the superconducting state, enhancement of 1/777 remains

above T,.. This result suggests that superconductivity is realized with the magnetic fluctuation.

8.3 Summary

We prepared the *C enriched BETS molecules and performed the *C NMR measurement
in A\-(BETS),GaCly salt to examine the electronic properties in the paramagnetic state. The
superconducting A-(BETS),GaCly salt possesses the different types of the magnetic fluctuations.
Above 55 K, 1/T4T shows Curie-like behavior, indicating the existence of an antiferromagnetic
fluctuation originates from the dimer—Mott insulator. The peak behavior of 1/77T was observed
at 55 K, where the semiconductor—metal crossover was observed in the electric conductivity, and
shows the Fermi liquid like behavior at around 30 K. In addition, we also observed the increase
in 1/T1T below 10 K, and decrease in Knight shift and line broadening below 20 K, which can be
related with the superconducting state. The anomaly at low temperatures can be understood by
the development of the magnetic fluctuation due to the Fermi-surface nesting.

In the superconducting state, we revealed that Knight shift decreases towards zero as T' — 0,

suggesting the spin-singlet state. 1/7} shows no coherence peak and T° dependence far below 7,
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which indicates the existence of line nodes in the gap parameter on the Fermi surface. Moreover,
temperature dependence of 1/7} is reproduced well by the two-dimensional d-wave superconducting
gap with 2A = 4kgT,. These results suggest that the symmetry of superconducting gap is d-wave.
We also revealed that superconductivity is realized under the remaining of magnetic fluctuation

just above T..
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