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Chapter 1. Introduction 

§1-1. Discovery of Superconducting Fullerides A3C6o 
(A = alkali metal) 

In 1985, Kroto et al. succeeded in synthesizing the soccer-ba ll shaped 

carbon allotrope C60 for the first time [Kroto et al., 1985] . The a llotrope was 

named "Buckminsterfullerene" after the scientist Buckminster Fuller, since it 

was he that theoretically pred icted its existence [Marks et a/., 1960] . In the 

beginning, the main aim of experimental studies was to understand t11e mechani sms 

how the long-chain carbon molecules in interstellar space are formed. However, 

the discovery by Kratschmer et al . in 1990 [Kratschmer eta/., 1990], the methods 

of producing and purifying substantial amount of fullerenes , attracted many 

chemists. In fact, soon after this discovery, Hebard et al. have succeeded in 

synthesizing a potassium doped fulleride KxC6o and found an ambiguous evidence 

of superconductivity with transition temperature Tc of 18 K [Hebard et al., 

1991] . This evoked extensive studies by not only chemists but also physic ists 

from a view point of so lid state sc ience. It was not long before Holczer et a/. 

demonstrated that, among AxC6o fullerides , only A3C6o compounds show 

superconductivity [Holcze r et al., 1991]. 

Shown in Fig. 1-1 is the crystal structure of supercondu cting A 3C6o at 

low temperatures . It is known that the C6o molecules start to rotate with increasing 

temperatures. 

§1-2. Physical Properties of A3C6o 
---theories and experiments 

In the early stage of the studies on the mechanisms of superconductivity 

in A 3C6o, there were some " radical " theories: the pairing mechani sms are due 

to electronic origin [Chakravarty et al., 1991] or the so -ca lled "negative U" 



Fig. 1-1 
Crystal structure of superconducting fulleride K3C6Q. 

Soccer-ball shaped C6o molecules form face-centered cubic. Two 
sites exist for potassiums located between the molecules; T-site 
(0-site) potassium, which is shown by dark blue (by green), is 
located at the center of gravity of a tetrahedron (an octahedron) 
formed by the molecules. 
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origin [Zhang eta/., 1991], mainly because the Tc 's of A3C6o are the hi ghest 

but only those of the cuprate oxides. As shown in Fig. 1-2, band calculations 

indicate that the highest occupied molecular orbital (HOMO) of both K3C6o and 

pristine C6o is five-fold degenerated and the lowest unoccupied molecular orbital 

(LUMO), the energy level of which is about 1 eV higher than that of HOMO, is 

three-fold degenerated [Erwin and Pickett, 1991]. In K3C6o, the electrons, given 

on the C6o molecule by the doped potassium, go into the three-fold degenerated 

t1u orbitals, resulting in the so-called half-filled metals. 

Some experiments in the early stage reported anomalous results: "zero­

dimensional" conductivity for thin films [Palstra eta/., 1992) and rather small a 

as the strength of electron-phonon coupling from the measurement of isotope 

effect [Ramirez et a/., 1992]. However, these are found to be experimental 

artifacts mainly due to the poor quality of the samples: Xiang et a/. have 

succeeded in synthes iz ing high quality single crystals of K3C6o and Rb3C60 

instead of thin films [Xiang et a/., 1992] and, as shown in Fig. 1-3, they 

observed not only usual metallic temperature (T) dependence of the conductivity 

but also three dimensional superconducting fluctuations (which they called 

"paraconductivity") for the first time [Xiang eta/., 1993]. In addition, as shown 

in Fig. 1-4 , using a sample which contains 13C isotope homogeneously, Ebbesen 

et a/. made it clear that the superconducting mechanisms strongly suggest the 

Bardeen -Cooper -Schrieffer (BCS) -type phonon-mediated one instead of 

extraordinary ones [Ebbesen eta/., 1992]. 

As samples are improved, experiments have led toward the consensus 

that the normal state of the A3C6o is a Fermi liquid and that a conventional 

s-wave pairing (probably phonon-mediated) is formed in their superconducting 

state. Most spectroscopic resu lts such as Raman scattering [Mitch eta/., 1992], 

optica l reflectivity [Degiorgi eta/., 1992], and muon spin rotation (J..LSR) [Kiefl 

eta/., 1993], suggest that the coupling is weak, whereas the low-temperature 

scanning tunneling microscopy (STM) indicates that it is strong [Zhang eta/., 

3 
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Fig. 1- 5 
Spectroscopic results indicating the Bardeen -Cooper -Schriefer (BCS) -type 

superconductivity in Rb3C6Q. 
Upper-Left: T dependence of muon spin-lattice relaxation rate 1/(TtT) for 

Rb3C60 [Kiefl et al ., 1993]. A clear-cut coherence peak is observed just below Tc. 
The data is well reproduced by the so-called Dynes' density of states (shown by 

the solid curve) and the reduced gap 2!J/ksTc is found to be 3.63. 
Upper-Right: dl/dV is plotted as a function of V in the low T scanning 

tunneling microscopy (STM) for Rb3C60 [Zhang et al., 1991). Divergent behavior 
in the density of states (proportional to dl/d V) is observed. The data is fitted by 

the Dynes' density of states with 2!J/ksTc = 5.3. 
Lower: Optical conductivity for Rb3C6o [Degiorgi et al., 1992]. The 

conductivity well below Tc (shown by dotted curve in the left) clearly has a gap at 
frequency of -60 cm-1 whereas that above Tc (broken curve in the left) does not. 
As illustra ted in the right figure, the data well below Tc (dotted curve) is well 

reproduced by the so-called Mattis-Bardeen (i.e., BCS) theory with 2!J/ksTc = 
3.52. 
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Photoemmision spectra of KxC6o measured with energy resolution 

of 35 meY at 40 K [Morikawa and Takahashi, 1993]. Around x = 
3.0 (superconducting phase) , a clear-cut Fermi edge is observed, 
which is a direct proof of a Fermi liquid. 
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1991]. As shown in Fig. 1-5 , these results clearly indicate that A3C 6o behaves as 

a conventional superconductor although the obtained coupling strengths are 

different. 

Within the conventional framework of the A3C6o superconductivity, 

however, some anomalous electronic properties are observed by other experiments 

which are now widely accepted. Firstly, A3C6o is a type II superconductor with 

a large value of A/C,: the superconducting coherence length C, is found to be very 

small (25 -35 A; note that the diameter of C6o molecule is 7.1 A) from 

magnetization measurements [Holczer et a!., 1991; Johnson et a!., 1992; 

Boebinger eta!., 1992]. The penetration depth ?..obtained by )lSR measurements 

is very large (4800 A for K3C6o) [Uemura eta!., 1991]. Secondly, A3C6o is a 

dirty metal: the resistivity at room Tis extremely large (5 mQ-cm) even in the 

high quality sing le crystal whose resistivity shows the metallic T-linear 

dependence [Xiang et a!., 1992]. Thirdly, the effect of electron interaction is 

likely not to be negligible: basically, the electronic state of A3C6o is a Fermi 

liquid since Fermi edges (direct proof of a Fermi liquid) are clearly observed in 

highly resoluted photoemission spectra [Morikawa and Takahashi, 1993], as 

shown in Fig. 1-6. However, Coulomb interaction on the C6o molecule is found 

to be 1.6 e V from Auger spectra by Lof et a!. [Lof et a!. , 1992], whereas the 

band width is obtained to be 0.4 - 0.6 e V from band calculations (Fig. 1-2) 

[Erwin and Pickett, 1991]. 

§1-3. Organization of This Thesis 
The organization of the present thesis is as follows. 

In Chapter 2, we briefly describe basic concepts for 13C and 39K NMR which 

are inevitable for the following discussion. In Chapter 3, after surveying the 

findings and the problems in the precedent NMR stud ies on the electronic states 

of A3C6o. which were published in 1992- 1994 by other groups, we present the 

motivation of this study. In Chapter 4, we describe the experimental procedures 

9 
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for this study: sample preparation, our spectrometer, and measurement conditions. 

Chapters 5 and 6 are the bodies of the thesis. In Chapter 5, after showing the 

results of 13C NMR spec tra, we present the results of 13C NMR spin- lattice 

relaxation time measurements, focusing on not the C6o molecular motion but 

the electronic states. Based on consistent analyses of these static and dynamical 

information on the carbon sites, we discuss the electronic states of K3C6o from 

the viewpoint of anisotropy in hyperfine coupling of conduction electrons, validity 

of the Korringa relation, superconducting mechanisms, and electron interaction. 

In Chapter 6, we first present the results of 39K NMR spectra. Together with the 

results of 13C NMR, the analyses of the potassium sites give us the information 

on the c60 molecules as well as on the potassium si tes. In this chapter, we 

discuss some properties of the low-Tphase of K3C6o where the C60 molecular 

motion is frozen: orientational disorder of the molecules and the absence of 

local density of states on the molecules. Finally, in Chapter 7, by summing up 

the experimental results and giving answers to the questions presented in Chapter 

3, we conclude a consistent physical picture on the electronic properties of 

K3C6o superconductor, which has been made clear by this study. 

10 

Chapter 2. 

Basic Concepts for 13C and 39K NMR 

§2-1. Hyperfine Interaction 
The NMR-related area is so wide that it would be impossible to describe 

all the concepts including the first steps of measurements and the related physics. 

In this chapter, therefore, we only briefly introduce some basic concepts of 13C 

and 3~ NMR that the author considers to be the musts for the present study. 

The advantage of NMR measurements lies on the fact that they can detect 

the microscopic electronic states since the "probe" is the microscopic nucleus. 

This is possible because, in addition to the applied static magnetic field (Hext), 

the nucleus is coupled to the environment via magnetic and/or electric interaction. 

The total Hamiltonian for a nucleus consists of three terms as 

3:e = ;ttZeeman + ;ttmag + ;ttel. (2-1) 

The first is the nuclear Zeeman term expressed as 

;ttZeeman = -ynti./oHext, (2-2) 

where BCxt represents the applied magnetic field, I is the nuclear spin operator 

divided by n. Yn is the gyromagnetic ratio of the nucleus, and n is the Planck 's 

constant divided by 2n. The second (the third) term in Eq. (2-1) represents the 

magnetic (the electric) interaction between the nuclear sp in I (the nuclear 

quadrupole moment Q) and the local magnetic field (the local electric field 

gradient) acted on the nucleus by the environment. The interaction is called 

magnetic (electric) hyperfine imeraction [Jaccarino, 1967]. 

The magnetic hyperfine interaction consists of three parts as 

;ttmag = I•Aspi n.s + I•A vv •L + J.A core .[, (2-3) 

where Sis the electron sp in. 

11 
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The presence of H cx t makes the electron orbital, which is ordinarily quenched in 

a crystal by the presence of the crystal field, "revive" to some extent as a result 

of the effect of the second-order perturbation. The second term in Eq. (2-3) 

represents the interaction between the nuclear spin I and the electron orbital L 

induced by this effect, via the hyperfine coupling A vv. This tern1 is called 

Van- Vleck term because it represents the "microscopic version" of the Van-Vleck 

susceptibility. Alternatively, it is called paramagnetic term, after the name of 

the electric current (paramagnetic current) which corresponds to the induced 

orbital L. It is to be noted that, from the viewpoint of quantum mechanics, the 

paramagnetic current is described as (e/2mi)[\f'*V''l' - 'l'V''l'*], where e (m) is 

the charge (mass) of electron and the change in the wave function 'I' results 

from applying Hext [Stichter, 1989]. 

In addition to the paramagnetic current, the presence of Hexl induces diamagnetic 

electric current (with orbital moment l) on the electron core. As a result, the 

external field Hext is shielded by the electron core. In other words, the electron 

core acts as a superconductor to the nucleus. Specifically, to apply the external 

field (hence the presence of the corresponding vector potential .,¢l.) results in 

diamagnetic current density which is expressed as (e2/m)[.,¢l.'l'*'l'] [Stichter, 1989] . 

For this reason , the diamagnetic effect due to the third term is referred to as 

chemical shielding [Bovey, 1988]. 

The first tern1 in Eq. (2-3) represents the interaction between the nuclear spin 

and the electron sp in . For metals and magnetic materials, this term plays an 

important role because this is usually larger by the order of 2- 3 than the other 

two terms. On the other hand, for nonmagnetic insulators (usually organic 

materials) which are studied by chemists, it is the latter two terms that count 

since the first term is zero due to the quenching of the total electron spin (S = 

0), and the latter terms reflect the states of chemical bondings. 

The magnetic hyperfine coupling A spin consists of such two terms as the Fermi 

contact term (which is isotropic) and electron dipolar one (which is anisotropic), 

12 
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which is denoted as Aisospin and A dipole, respectively. The isotropic Fermi contact 

A isospin is expressed as 

(2-4) 

where J.lB is Bohr magneton. For conventional metals where the band picture 

holds (including K3C6Q), u(O) represents the amplitude at the nucleus of the 

Bloch wave function, and the average( ... ) is taken for all the conduction electrons 

near the Fermi surface. The sign of the resultant Aisospin is positive. In the case 

of 13C- (39K-) NMR on K3C6o, the average is taken for all those conduction 

electrons near the Fermi surface which reside on the carbon (the potassium) 

s-orbitals. (In the cases of transition metals, magnetic materials, or cuprate 

oxides, the finite amplitude at the nucleus is also due to the core polarization of 

closed inner s-shells which is caused by an unpaired electron spin at outer 

3d-orbital. The exchange interaction between the electron spin in the closed 

s-shells and the unpaired spin at the 3d-orbital causes the difference between 

the up and down spin of the inner s-shells by way of virtual mixing with higher 

s-orbitals. This results in the imbalance of the up and down spins of the s-shells, 

hence the finite spin amplitude at the nucleus. The sign of the resultant Aisospin 

in the presence of core polarization is ordinarily nega1ive.) 

The anisotropic magnetic dipolar hyperfine coupling A dipole is expressed as 

A dipole= J.1B(Lk(l!rk3)[Sk- [3(Sk•rk)rk}/rk2]), (2-5) 

where sk is the k-th electron spin, rk (rk) is the vector (the distance) from the 

nucleus to the k-th electron, and the average( ... ) is taken for the electrons on the 

wave function in concern. In the case of 13c NMR on the carbon-based conductors 

(including K3C6o), the average is taken for all the conduction electrons near the 

Fermi surface residing on the carbon 2p-orbitals. On the other hand, in the case 

of the 39K NMR on K3C6o, the absence of p-orbitals on the potassium ions 

causes no magnetic dipolar hyperfine coupling. 

The electric hyperfine interaction ::reel in Eq. (2-3) is expressed as 

::reel= e2qQ (31,2 -J2) 1 41(21 -1). (2-6a) 

13 



§2-1. 

In the coordinates where the electric potential V is diagona lized, the electric 

field gradient (EFG, denoted as eq) is defined as 

eq = (J2VI C!z 2. (2-6b) 

In Eq. (2-6a) , Q is the nuclear qu adrupole moment and I is the nuclear spin 

operator divided by Pi. It is to be noted that the electric term appears only when 

the nucleus has finite value of Q, or equivalently, in the case of I~ 312. Since 

the nuclear spin of 13C (39K) is I3[ = 1/2 (39J = 312), the electric hyperfine 

interaction should be taken into account only for the 39K NMR but not for the 

13CNMR. 

§2-2. NMR Frequency Shift 
In the present 39K NMR study, the electric hyperfine term .:feel in the total 

Hamiltonian expressed by Eq. (2-1 ) is taken to be a perturbation effect to the 

other Zeeman and magnetic hyperfine terms. This is because the value of eq is 

considered to be close to zero due to the fact that the potassiums in K3C6o are 

located at the center of gravity of the tetrahedron or of the octahedron formed 

by the C6o molecules . Indeed, as is described in Chapter 6, this will be 

experimentally confirmed. In the case of 13C NMR, as already mentioned, the 

electric hyperfine term .:feel is zero in principle. Thus, we neglect the .:feel term in 

the total Hamiltonian of Eq. (2-1) for the moment in what follows . In this case, 

the unperturbed Hamiltonian .:1e o is expressed as 

.:1e 0 = .::fe,Zeeman + .:1emag = -'{nPiJ.(f!lOC). (2-7) 

Using the coordinates which diagonalize the magnetic hyperfine couplings, the 

local magnetic field in Eq. (2-7) is expressed as 

H;loc = H;ext _ (gA,spinS; + gA;VVL ; +gA;corel;), (2-8) 

where i stands for x-, y-, and z- component, and the diagonalized magnetic 

hyperfine coupling A,} is abbreviated as A;k (k =spin , VV, core). Generally, the 

following re lation holds for the respective susceptibility as 

xspin = _ (gJ.Lp/5;) 1 H;ext, (2-9a) 
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(2-9b) 

;e:ore = _ (gJ.Lsl;) 1 H;cxt. (2-9c) 

By dividing the both sides of Eq. (2-8) by H;ext and using Eq. (2-9), we obtain 

(2-10) 

As seen from Eqs. (2- 1) and (2-2), the value of '{nHtxt (= (ufXl);) represents the 

resonance frequency if the nucleus were to couple only to H;ext. In reality, 

however, the resonance occurs at the frequency y11H;1oc C= (ufCS);) instead of 

y11H;ext, because the nuclear spin I interacts with the local magnetic field H 1oc 

not with the external field Hext. Specifically, this is expressed as, 

[H;loc _ H;ext]l Htxt = [(ufCS)i _ (ufXl);]l (ufXl);. (2-11) 

In other words, the effect of the environment which originates from the magnetic 

hyperfine term .:1emag in Eq. (2-7) or, equivalently, the local magnetic field at the 

nucleus other than H ext, is observed as the difference in the resonance frequency 

of [(ufe5); - (ufXl);]. The value defined by the right-side of Eq. (2-11), which 

does not depend on H;ext (or equivalently, (ufXL);), is called NMRfrequency shift 

and is expressed by K; throughout thi s thesis. As seen from Eqs. (2-10) and 

(2-11), K; consists of three terms as 

K;spin = ( 11 f.LB) [A,spinXspin], 

K;vv = (liJ.Ls) [A;vvXvv1, 
K;core = (l lf.LB) [A;core;e:ore]. 

(2-12a) 

(2-l2b) 

(2-12c) 

(2-12d) 

As is defined in Eq. (2-9), the co rresponding susceptibility xk (k =spin, VV, 

core) is in the units of c.g.s. per atom. 

The first term in Eq. (2- 12a), K,spin, is called Knight shift. The other term 

of K;vv + K/0 'e, which is expressed by K;0 'b, is named as chemical shift. 

For nonmagnetic insulators , s ince the Kni ght shift is equal to zero (K,spin = 0) 

due to S = 0, the resultant NMR shift is equal to the chemical shift (K; = K;0 'b). 

In this case, the "absolute value" of K;0 'b could be obtained in principle if the 

value of Yn were to be meas ured precise ly within the error of lQ-S from the 
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resonance frequency of the "bare" nucleus, as is seen from Eqs. (2-10) and 

(2-11) . In practice, however, the value of K,orb of a certain nucleus in a certain 

material is defined as the difference from the resonance frequency of the same 

nucleus in a standard material (which is, needless to say, nonmagnetic insulator), 

instead of going so far as to obtain the precise gyromagnetic ratio on the "bare" 

nucleus. For instance, tetramethylsilane (TMS) is used as the standard material 

for 13C NMR. Owing to this relative definition, precise value of K,orb has 

become available, in addition to the improvement in the homogeneity of 

superconducting magnet and in the resolution and stability of frequency oscillator. 

For conventional metals, not only Kiorb but also K,spin is observed due to the 

finite value of Si, as seen from Eqs. (2-9a) and (2-12b). In many cases, since the 

Knight shift is larger than the chemical shift by the order of 2 - 3 (Kispin » 

K iorb), the resultant NMR shift is equal to the Knight shift to a good approximation 

(Ki "' K,spin). (For this reason, physicists prefer to call Ki as Knight shift instead 

of NMR frequency shift, and Kispin (Kiorb) as spin part (orbital part) of the 

Knight shift instead of Knight shift (chemical shift).) Under this approximation, 

the "absolute" value of the Knight shift can be defined by using the gyromagnetic 

ratio in a table (whose error is within -lQ-5). 

In the case of, for instance, the 89Y NMR in a cuprate oxide superconductor 

YBa2Cu306+x or the 13C- and 39K-NMR in K3C6o. the chemical shift is comparable 

to the Knight shift (Kiorb - K,spin) mainly because the values of Ktore are not 

negligible. Thus , in this thesis, we use the exact expression for the NMR shift 

defined by Eq. (2-12). 

For conventional metals where the value of xspin remains finite, the magnetic 

hyperfine term 3'emag in Eq. (2-7) (due to the additional local magnetic field 

other than Hext), which can be treated as a perturbation to the Zeeman term 

3'l;Zecman (due to the applied field), is observed as a frequency shift. On the 

contrary, for magnetic materials where the time average of S is finite ((S)time ~ 

0), the 3'emag term is dominant or comparable to the Zeeman term 3'ezeeman. In 
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this case, the magnetic resonance can be observed, and is usually done, under 

zero magnetic field (Hcxt = 0) because the internal magnetic field due to the 

ordered magnetic moment substitutes for the applied magnetic field. This is 

called zero field resonance [Gossard and Portis, 1959]. 

In general, as Eq. (2-12) indicates, both K,spin and Kiorb are anisotropic 

due to the anisotropy in the corresponding magnetic hyperfine couplings. The 

anisotropy in Aispin (Aiorb) stems from the presence of asymmetric p- or d­

electron orbitals where the conduction (the valence) electrons reside. As a result, 

the observed NMR shift Ki (or, resonance frequency (ufe5)i) is also anisotropic. 

If a single crystal is employed as a sample, a single NMR line is observed at the 

resonance frequency of (lifes)x, (ufe5)y. and (ufe5)z by applying the external 

magnetic field in the x-, y-, and z- direction, respectively. On the other hand, in 

the case of a powder sample, instead of a single line, the spectrum has a finite 

width of (oJCS)x - (oJCS)z (here we assume (oJe5)x > (life5)y > (lifes),), with two 

edges at (lifCS)x and (oJCS)z, and a divergent intensity at (oJe5)y. Between (oJCS)x 

and (lifes),, the intensity is described as an elliptic function of w [Siichter, 

1989]. This line shape is called a powder pattern [Bioembergen and Rowland, 

1953]. 

For the 13C nuclei in K3C6o. the local structure of a C6o molecule is, as seen 

from the nucleus length scale, regarded as an almost "p lanar segment" formed 

by two C-C bonds and one C=C bond, and the planar segments are randomly 

oriented with respect to the applied magnetic field. Thus, it is expected that the 

13C NMR spectra show powder patterns . Indeed , as will be shown in Chapter 5, 

the 13C NMR spectra are well reproduced by powder patterns. For the 39K 

nuclei in K3c60, on the other hand, the magnetic hyperfine couplings are considered 

to be isotropic , since the potassiums are located in the form of spherical ions 

between the c60 molecules . Thus, it is not the anisotropy in the magnetic hyperfine 

interaction 3't'11 "& but the electric interaction 3'e01 that should be taken into account 

for the 39K NMR in K3C6Q, because of the finite value of 39Q. 
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Under the first order perturbation of the electric hyperfine interaction to 

both Zeeman and magnetic hyperfine interaction, i.e., 

(2-13) 

Equation (2-6) gives us the eigenvalues of the total Hamiltonian which are 

expressed as 
Em= -YnhH;1ocm + [e 2qQ I 41(21 -1)][(3cos28 -1)/2][3m2 -/(I+ 1)] (2-14) 

where m is the magnetic quantization number of the nucleus ( -/ :o; m :o; /) , 

"(nH;1oc (= (oJCS);) is the resonance frequency in the absence of the electric 

hyperfine interaction, and 8 stands for the angle between the H;1oc and the 

principal axis of the EFG. For the 39K nuclei in K3C6o. the condition of (2-13) 

holds due to the small amount of eq. The 3~ nulear energy diagram is shown in 

Fig. 2-1(a). In the case of e = 0 for simplicity, the presence of ~el raises them = 

±3/2 levels and lowers the m = ±1/2 levels by the same energy Lle1(8 = 0) = 

+e2qQ/4. The spectral absorption is illustrated in Fig. 2-1(b). Under the first 

order perturbation, it should be noted that the central m = -1/2 H + l/2 transition 

is unaffected. The absorption line corresponding to them= -3/2 H -1/2 (to the 

m = + 3/2 H + 1/2) transition appears at higher (lower) resonance frequency than 

the central absorption line. The change in the absorption spectrum caused by the 

electric hyperfine interaction is called quadrupole splitting or eqQ splitting. 

(The additional lines are named eqQ satellite lines, the number of which is 2/-

1.) The difference in the resonance frequen cies of the two satellite lines is 

4Lie1( 8 = 0)/fi = +e2qQ/n. For a powder sample, since the value of 8 distributes 

randomly, the overall spectrum shows a powder pattern with divergences in the 

intensity at ofCS (the central line), rffCS ± e2qQ/4n (the Satellite lineS for 8 = rc/2), 

and edges at wres ± e2qQ/21i (the sate lli te lines for e = 0). The effect of the 

random distribution of e is referred to as quadrupole broadening. 

Since the va lues of eq for the 39K nuclei in K3C6o are close to zero due to their 

high symmetry locations, it is expected that the electric interaction, if any, 

results in the quadrupole broadening without sp litting clearly the central line. 

This is discussed in Chapter 6. 
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(a) eq = 0 eq ~ o 

m=-3/2 --- --. +e2qQ/4 

yh(Hloc)i yh(H1oc)i+e2qQ/2 

m=-1 /2 --- --- -e2 qQ/4 

yh(Hloc)i 
yh(Hloc)i 

m=+ 1 /2 --- --- -e2 qQ/4 

yh(Hloc)i yh(Hloc)i-e2 qQ/2 

m=+3 /2 --- --- +e2qQ/4 

(b) 

) ~ 

Fig. 2-1 
(a) Energy diagram of a nucleus of spin I= 3/2 under a static magnetic field (Htoc);. 

In the absence of electric interac tion , the four levels are equally spaced, as shown in the 
left. 
Under the first-order perturbation of the electric term to the Zeeman and magnetic 

terms, them= ±1/2 (the ±3/2) levels are decreased (increased) by e2qQ/4 for the e = 0 
direction, as illustrated in the right. 

(b) Energy spectrum in the absence of electric interaction (corresponding to the 

diagram of the left in (a)) shows a single resonance line at (ufCS); (= y(H toc);). 
In the presence of the electric term , three resonance lines (shown by bold lines) appear, 
as seen from the diagram of the right in (a). The resonance frequency of the center line 
is unchanged by the first-order perturbation. Two satellite lines appear above and below 
the center line. It should be noted that for a powder sample, since the electric term 

depends on e, the resonance frequency of them= -3/2 H -1/2 (them= +1/2 H +3/2) 

transition ranges between (OJ'"-'); - e2qQ/2tz and (of<'); + e2qQ/tz ((uf"-');- e2qQ/n and 

(uf<'); + e2qQ/2h), even in the absence of the distribution in the value of eq. The 
resultant powder pattern is illustrated by the thin curve. Two thin lines between the bold 

lines represent the resonances for the e = rr/2 direction . 
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§2-3. Spin-Lattice Relaxation Time (Tt) 

In this section, we discuss spin-lattice relaxation time (TI) on those nuclei 

which possess spin one-half ( l = 1/2), since the T1 measurement is done only 

for the 13C nucleus (I 3! = 1/2) of the K3C6o sample. 

As shown in Fig. 2-2, the population of nuclear spins, which are at the 

thermal equilibrium of temperature T, is proportional to the Boltzmann factor 

exp( -C,.NfksT), where t,.N is the energy difference in the two levels. The difference 

in the population at the two levels produces the net nuclear magnetic moment 

Mo. Irradiating a radio frequency (RF) pulse of the energy of t,.N for a certain 

duration (typically of the order of J.LSec) results in raising the spin temperature 

to Tspin = oo . The RF pulse is named saturation pulse and the spin system is 

called saturated. Since the nuclear spins are coupled to their environment other 

than themselves (the environment is called lattice in the NMR field) via the 

hyperfine couplings Aik (k = spin, VV, core) as mentioned in the previous 

section, the nuclear spin system will recover to the initial thermal equilibrium 

state by dissipating its energy. Since the net magnetization at timet after saturation 

(denoted as M(t)) for nuclei with spin one-half (! = 1/2) follows a single-

exponential time evolution, there exists only one time constant in the recovery 

process. The time constant is called spin-lattice relaxation time T1, namely, 

M(t) = Mo [1- exp(-t/TJ)]. (2-15) 

In general, spin-lattice relaxation rate 1/TJ is described as [Moriya, 1963] 

(liTJ )ck = (Yn2ksT/J.Ls2)[(Aak)2 + (Abk)1]_Lq[X"(q, coo)/~], (2-16) 

where COO is the resonance frequency, a, b, and c stand for the x-, y-, and z-axis. 

k represents "spin", "orb" or "core", and x"(q, ~) stands for the imaginary part 

of the generalized susceptibility expressed as 

x"(q, w) = (J.Ls2 w/ ksT) J ((Sq(t)S-q(O)}) cos(wr) dt. (2-17) 

Equation (2-16) tells us that l/T1 probes the low-frequency component(~« w) 

of the wave-vector (q) summation of x"(q, ~). Equation (2-17) means that 

x"(q, w) represents the auto-correlation function of time on the local magnetic 
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Tspin = 00 
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(b) equilibrium state 
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p(Tspin)/po = exp(- L'.N/ks Tspin) 

Fig. 2-2 
Spin-lattice relaxation process in the case of two-energy levels (I= 1/2). 

(a) Irradiating a saturation RF pulse of the energy of L1N makes the system saturated 
state (Tspin = oo) . On the Cartesian coordinates whose .xy-plane is rotating around the 
z-axis (the external magnetic field Ho is applied in the z-axis) at the resonance frequency, 
the z-component of the total nuclear magnetization Mz is zero in the case of Tspin = oo, as 
illustrated in the left below. 

(b) With a time constant(= spin-lattice relaxation time, Tt), the system will recover 
to the thermal equilibrium state (T spin= Ttatt;ce). In the equilibrium state, the value of Mz 
is maximum. However, it is to be noted that even in this state, close to half of the spins 
are anti-parallel to Ho, as seen from the population diagram. In other words, "high 

temperature approximation" is generally valid for nuclear spin systems (L1N- mK and 
ksT > -K) . During this process (Ttau;cc < Tspin < oo), the value of Mz increases (i.e., the 
energy of the spin system decreases) via the fluctuation of the local magnetic field. 

z 

X 
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field. Thus, the energy of the nuclear spins is dissipated into the surrounding 

"lattice" by the fluctuation of the local magnetic field perpendicular to the 

quantization axis. Here it should be noted that Eqs. (2-16) and (2-17) hold quite 

generally irrespective of the materials, that is, for metals, superconductors, 

magnetic or nonmagnetic materials, and so forth. However, since the relations 

of (1/T,);spin » (1/TI)iorb and (1/T,),spin » (1/T,)/ore hold in most cases, we 

neglect the (1/T I)iorb and (1/T, )icore terms in the presence of (l/T1),spin, and omit 

the superscript "spin" of the term hereafter. 

By taking into account the electron- electron interaction under the random 

phase approximation (RP A), the relaxation rate in a Fermi liquid is expressed as 

[Moriya, 1963] 

T, T(Kspin)2 = (1i/4rrJ....l3)(ye/Yn)IK(a), 

K(a) = (1 -a) 21 ( { 1 - a[xo(q,O)Ixo(O,O)]} 2)Fermi 

a=JNo 

(2-18a) 

(2-18b) 

(2-18c) 

where "/e is the electron gyromagnetic ratio, J stands for exchange energy between 

the conduction electrons which is assumed to be independent of the wave-vector 

(q), and No is the density of states. In Eq. (2-18b), Xo(q,O) represents the q­

dependent and static (w = 0) susceptibility in the absence of electron interaction, 

and the average ( ... )fermi is taken over the q vectors connecting two points on 

the Fermi surface. In the case of J = 0, i.e., non-interacting Fermi gas, the value 

of K(a) is unity and Eq. (2-18a) is reduced to the so-called Korringa relation. 

In other words, the Korringa relation is corrected by the K(a) term which 

specifies the electron interaction. If the electron interaction is ferromagnetic 

(i .e., xo(q,O) is enhanced at q"' 0), K(a) is smaller than unity. On the contrary, 

if xo(q,O) is enhanced at q "' Q (for instance , at around an antiferromagnetic 

wave vector), K(a) is larger than unity. Thus, K(a) is an important quantity 

which describes the electron interaction within the RPA treatment. In this thesis, 

we refer to Eq. (2-18) as the modified Korringa relation. It is to be noted that the 

rel axation rate is, as is seen from Eq. (2-18b), corrected by xo(q,O) at finite 
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value of q, whereas the Knight shift is enhanced by the factor of (1- a)-1, the 

usual Stoner enhancement. 

In using Eq. (2-18), we cannot be too careful on the following two points. 

First, the relation is applicable only to the case where the coupling between the 

nucleus and conduction electrons is isotropic ; KSPin = Kxspin = Kipin = K.SPin, 

(1/T,) = (11TI)x = (liTI)y = (liTI)z. To be more specific, it describes the relaxation 

process via only the Fermi contact hyperfine coupling A;50spin. In other words, it 

is incorrect to use the Korringa relation to those nuclei (such as nc, I7Q, 

63/65Cu etc.) which can possess conduction electrons on their p- or d-orbitals, 

since the relation does not take into account the relaxation process via anisotropic 

electron dipolar hyperfine couplings. 

Second, it is also incorrect to regard "constancy of T 1T' directly as "Korringa 

relation" , or as "an NMR evidence of a Fermi liquid". This argument is correct 

if and only if the isotropic Knight shift Kspin is T independent. Within the 

framework of a Fermi liquid, aT dependence of KSPin, if any, originates from a 

T-dependent density of states No(1), as is seen from the relations of KSPin oc_tPin 

(Eq. (2-12b)) and xspin oc No. In this case, since the T,T does depend on T, the 

validity of a Korringa relation should be proved by the constancy ofT1T(Kspin)2 

instead ofT,T. 

Quite generally, regardless of the relaxation mechanisms, the presence of 

anisotropy in the hyperfine couplings (AHC) causes the anisotropy in the 

relaxation rate, as is seen from Eq. (2-16). If the hyperfine couplings (where k = 

spin) are axially symmetric, i.e., Aipin = Aipin = A_,.,/Pin,.t Azspin, the anisotropic 

(liTJ)i is, from Eq. (2-16), expressed as 

(11TI)z oc 2 (Ax;/pin)2, 

(!ITI )x!y oc [(Azspin)2 + (A>I/pin)2]. 

(2-19a) 

(2-19b) 

If the sample is a single crystal, one can separately obtain the value of (1/TJ)z 

((1/Ti)x,y) by applying the external field perpendicular to the xy-p lane, i.e., f-lCXl 

II z-axis (parallel to the xy-plane, i.e ., H ex t .l.. z-axis), and, for 1 = 1/2, the nuclear 
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magnetization shows a single -exponential time evolution, Eq. (2-15). On the 

contrary, this is not the case for a powder sample, since the z-axis of each 

crystalline in the powder has random direction to H cxt. As the result, the 

magnetization does not satisfy Eq. (2-15) but instead shows a non-single 

exponential recovery (NSER). In this case, it should be noted that the NSER is 

observed even for the nuclei of magnetically single sites, since the difference 

between (1/T1)z and (l{T1)xty comes from only the AHC for the same dynamical 

susceptibility x"(q, w) , as seen from Eq. (2- 16). In other words, in a powder 

sample, the AHC causes an NSER as well as an asymmetric line shape (i.e., a 

powder pattern), even in the absence of inequivalent sites. Recently, Kawamoto 

et al. have succeeded in extending the modified Korringa relation to this case 

[Kawamoto et al., 1995a]. It is expressed as 

(2-20a) 

where T 1S is given by the initial slope of the magnetization recovery, S is the 

Korringa constant(= (fi./4rrks)(Ye1Yn)). The hyperfine couplings are defined as 

Aisospin = [ 2(Ax;/pin) + (Azspin) ]/3, 

(2-20b) 

As discussed in the previous section, a C6o molecule in K3C6o is effectively 

regarded as a powder sample under an external magnetic field, if the molecular 

motion is frozen and there exists the AHC at the 13C nucleus. Thus, if the 13C 

NMR spectrum in K3C60 shows an asymmetric powder pattern at low T, it is 

expected that the 13C nuclear magnetization shows an NSER and that the validity 

of the Fermi-liquid picture (where the electron interaction is treated within the 

RPA) should be tested whether the extended Korringa relation Eq. (2-20) holds 

or not. This will be discussed in Chapter 5. 

From a physical viewpoint, Eq. (2-20a) means that the experimentally observed 

l /T1 s is increased by the factor of [1 + 2(Aaxspin/A isospin)2] which comes from 

the AHC, compared to the "isotropic l /Tt which could result from the "fictitious" 

situation where only A axsp in is 0 without changing the value of the dynamical 
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susceptibility i'(q, w) nor A isospin at the same T. It is interesting to note that, as 

will be discussed in Chapter 5, this situation is actually realized in the C6o 

molecule at high T where the correlation rate lhM of the molecular motion is 

sufficiently fast. 

Spin-lattice relaxat ion which obeys the Korringa relation in the normal 

state behaves quite differently in the superconducting state. The relaxation rate 

shows two characteristic T dependences. 

First, the so-called coherence peak is observed. Specifically, the values of !{T1T 

just below Tc are enhanced to those just above Tc. The coherence peak comes 

from both the piling up of the density of states which results from the fOimation 

of a superconducting gap L1 , and from a "coherence factor" which describes the 

development of paring. The coherence factor in the case of NMR enhances the 

relaxation rate , whereas that in the case of ultrasonic attenuation reduces the 

relaxation rate [Tinkham, 197 5]. 

Well below Tc , the nuclear spin-lattice relaxation is not caused by the direct 

excitation of the quas i particles from the Fermi sea across the gap Ll, since the 

energy which the nuclear spins dissipate is much smaller than the energy gap. 

Instead, it is the thermally excited quasi particles that scatter the nuclei. This 

process contributes to the relaxation. As a result, the relaxation rate is proportional 

to exp( -Ll/ksT) because the population of the excited quasi particles depend on 

T as exp( -Ll/ksT). 

The suppression of the coherence peak, which has been actually observed, 

is ascribed to the finite lifetime of the quasi particles (such as electron- phonon 

strong coupling or short mean- free path) or to the anisot ropy in the 

superconducting gap [MacLaughlin, 1976]. 

For cuprate oxides or heavy fermion superconductors, a quite different T 

dependence from that mentioned above is observed be low Tc, i.e ., l /T1 oc P (n 

= 3 - 5) without a coherence peak. This behavior is conside red to come from 

pairing states other than the BCS s-wave singlet. 
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Chapter 3. Motivation of This Study 

§3-1. NMR Reports by Other Groups(- 1994) 
--- findings and problems 

Prior to this study, other groups reported on NMR studies of A3C6o. In 

this section, we briefly summarize the findings and the problems of those reports 

which focused on the electronic properties of A3C6o. 

[1] 13C NMR -----spectra 

(a) above Tc 

In the precedent reports on the 13C NMR spectra of K3C6o. both the Bell and the 

Orsay group published almost symmetrical line shapes, as shown in Fig. 3-1(a) 

[Tycko eta!., 1992; Holczer et al., 1993]. However, no physical information on 

the electronic states were derived from their spectra, let alone the Knight shifts. 

It is presumed that this is partly because the 13C NMR signal of substantial 

amount of unreacted pristine C6o is superimposed on the signal of K3C60 , as 

shown in Fig. 3-1(b) [Yoshinari et al, 1993], and partly because they expected 

the contribution of plural factors to the line shapes. To be specific on the latter, 

it was proposed that there existed the local density of states (LDOS) at the 

carbon sites on a C6o molecule, corresponding to the crystallographically 

inequivalent sites at low T where the molecular motion was frozen [Holczer et 

a!., 1993; Antropov eta!., 1993]. The LDOS, in addition to the anisotropy in 

the 13C NMR frequency sh ifts, was expected to contribute to the line shapes. 

The author suspects that they attributed the integration of these factors to the 

apparent almost symmetrical line shapes. 

(b) below Tc 

Since A3C6o is a type II superconductor, the NMR measurements are done in a 

vortex state. In this case, observed NMR frequency shift K is contributed not 
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Fi g. 3-1 (a) 
Be NMR spectra of K3e6o published by the Bell group (left) [Tycko et a/., 
1992] and those by the Orsay group (right) [Holczer eta/., 1993). 
No physical information on the electronic states of K3e60 was derived from 
the line shapes, since no quantitative analyses, including the Knight shifts, 
were obtained in their report. 

7·L89 

Fig . 3- 1 (b) 

74.9 74 .91 
Frequency ( MHz ) 

74 .92 

Be NMR spectra of K3C6o at 255 K, reponed by the Orsay group [Yoshinari 
eta/., 1993) . The signal at -74.9 MHz (= -140 ppm, in reference to the 
standard material of TMS ) which grows at longer pulse repetition time (10 
sec) is assigned to the signal of unreacted pristine C6o. 
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only by the Knight shift KSPin and the chemical shift K_Orb, but also by the 

diamagnetism due to superconductivity tJJI/H. This is one of the reasons why 

the T dependences of the Knight shift KSPin had not been reported. However, as 

shown in Fig. 3-2, the Ohio State University group succeeded in obtaining the T 

dependence of the spin susceptibility x spin in the superconducting state by their 

"multi-nucleus" method [Stenger et al., 1993]: they first observed the NMR 

frequency shift at the Rb-, Cs-, and C-sites on Rb2CsC6o. which is denoted as 

87K, l33K, and 13K, respectively. Then, they used the fact that the diamagnetic 

contribution t1H /H is cancelled out in the "subtracted" NMR shifts such as 

87K(T)- t33K(T). It is to be noted that, even though the corresponding hyperfine 

couplings 87Aspin and 133ASPin are unknown, the T-dependent xspin(T) can be 

obtained from the relation 87K(T) _ 133K(1) = (87Aspin _ 133Aspin)_xSPin(T) + (87Korb 

- t33K_Orb), where the value of (87Korb- t33Korb) is T independent. The Ohio State 

University group argued that the T dependence of x spin(T) was well explained 

by the Yosida function, i.e., the BCS weak-coupling prediction [Yosida, 1958]. 

[2] 13C NMR ----- Tt 

(a) recovery data 

As already mentioned in Section 2-3, the Tt-recovery process for 13C nucleus 

shows a single-exponential time evolution in principle. However, the Bell group 

reported that the recovery data at the l3C sites of both K3C6o and Rb3C6o 

showed non-single exponential recoveries (NSER), and that at all T [Tycko et 

al., 1992] . Later, the Orsay group extensively studied the recovery shape of 

K3C6o [Holczer et al., 1993]. In their study, as shown in Fig. 3-3, they argued 

that the 13C recovery showed a single-exponential function at T > 250 K, and 

the NSER at T < 250 K. In addition, they reported the recovery shape at low T 

(< 100 K) were successfully reproduced by a three-exponential function 

corresponding to the proposed LDOS. In the fitting, they assumed that the 

Tt-relaxation was so lely caused by the electron dipolar field, us ing the theoretical 

calculation by the Max-Planck group which was based on the local density 
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Fig. 3- 2 
NMR shift differences (87K- 13K) for Rb3C60 (filled circles) and ( 133K- 87K) 

for Rb2CsC;o (filled squares) versus Tffc, published by the Ohio State University 
group [Stenger et al., 1993] . Since these "subtracted" NMR sh ifts, where the 
diamagnetic contributions are cancelled out, are proportional to the static spin 

susceptibility ;tPin, the figure shows tha t their superconductivity is well 
reproduced by the BCS weak coupling. 
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Fig. 3-3 
13C NMR spin-lattice relaxation processes of K3C6o, published by the Orsay 

group [Holczer eta/., 1993]. They found that the recovery shapes at T > 250 K 
show single-exponentials and that those at 100 K < T < 250 K deviate from 
single-exponentials and depend on T. Below T < 100 K, they found that the 
non-single exponential recoveries do not depend on T. In the figure, the open 
squares represent the data at 335 K, closed circles at 96 K, open circles at 22.4 
K, and closed squares at 7.75 K. 
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approximation [Antropov et al., 1993]. Here it should be noted that the reports 

are different between the Bell group and the Orsay group in the following two 

points. First, the Orsay group argued that the recovery shape at high T (> 250 

K) showed a single-exponential time evolution, but the Bell group insisted on 

the NSER. Second, the Bell group reported that the origin of the NSER is not 

clear, whereas the Orsay group attributed it to the LDOS. The Tokyo Metropolitan 

University group reported later the same results and the analyses as those of the 

Orsay group on the recovery data for only Tc < T < 77 K [Maniwa et al., 1994]. 

(b) Hebel-Slichter coherence peak 

Regarding the mechanisms of superconductivity, it does count whether a 

coherence peak exists or not, because the presence of a coherence peak evidences 

the s-wave Cooper pairing, as mentioned in Section 2-3. However, the precedent 

NMR reports were controversial: the Bell group was the first that published the 

T dependence of 1fTtT below Tc at the 13C sites for their K3C6o and Rb3C60 

[Tycko et al., 1992]. In their study, as shown in Fig. 3-4(a), they argued that the 

coherence peak was clearly absent without specifying the origin of the absence. 

It should be noted that this result is totally different from the ).1SR report where 

a clear-cut coherence peak is observed and the T dependence is well reproduced 

by the BCS weak-coupling theory [Kiefl et al., 1993]. On the contrary, in the 

published data by the Orsay group (Fig. 3-4(b)), one can see aT dependence of 

1/TtT which is regarded as a coherence peak [Holczer et al., 1993]. However, to 

date, they have published no comments on the "apparent" coherence peak. 

Regarding the superconducting energy gap, the Bell group reported that the 

reduced gap 21'1/ksTc is 3.0 (4.1) for their K3C6o (Rb3C6o), based on the 

confirmation of the activation type T dependences of I ITt Tat low T ( < 10 K) 

[Tycko et al., 1992]. 

[3] 13C hyperfine coupling 

There were no reports on the 13C NMR Knight shifts from the analyses on the 

line shapes in the normal state, as mentioned above. In addition, it is difficult to 
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Fig. 3-4(a) 
T dependence of l!I1T of the 13C NMR in K3C6o, published by the Bell group 

[Tycko et a/., 1992]. Below Tc, a Hebel-Slichter coherence peak, which is 
expected for a BCS s-wave superconductor, is clearly absent. They did not 
specify the origin of the absence nor analyzed the T dependence of l!I1T. 
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Fig. 3-4(b) 
T dependence of l!I1T of the 13C NMR in K3C6o, published by the Orsay 

group [Holczer eta/. , 1993]. Below 250 K where the recovery shapes deviate 
from a single-exponential function, the "T 1" values are represented by the average 
values. In the norm al state, the values of l{I 1T decrease with decreasing T. 
Below Tc, one can see a T dependence which is regarded as a Hebei-Slichter 
coherence peak, but they have not commented on the "apparent" coherence 
peak to date. 
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obta in reliable values of bulk susceptibility x. partly because the observed 

magnetization is dominated by the T-dependent magnetization of the Pyrex 

glass (which seals the sample), and partly because the reported spin susceptibility 

showed upturns toward Tc, probably due to the existence of paramagnetic impurity 

phases [Wong eta!. , 1992; Ramirez eta!., 1992b]. In general, hyperfine couplings 

are obtained experimentally by the so-called "K-x plot" [Clogston et al., 1964]. 

However, this is imposs ible since neither the Knight shi fts nor the susceptibility 

was reliable. Therefore, the Bell group was the first to calculated the 13C hyperfine 

coupling [Tycko et al., 199lb]. This calculation was performed in order to 

obtain the density of states from the Tt measurements alone, motivated by their 

observation of constant-TtT at high T (140 K < T < 360 K). In their study, they 

used unrestricted Hartree-Fock approximation and concluded that the 13(: 

hyperfine coupling was dominated by the isotropic Fermi contact terms, including 

the core-polarized ones. 

Contrary to the result by the Bell group, the Max-Planck group later reported 

that the electron dipolar field dominated the 13(: hyperfine coupling, based on 

the local density approximation (LDA) [Antropov et al., 1993]. However, thi s 

controversial on theoretical calculation should be solved experimentally, because 

it so happens that the accuracy of the approximation changes qualitatively the 

contribution of the Fermi contact (i.e., on the nucleus) hyperfine coupling. 

§3-2. Motivation of This Study 
As mentioned above, the precedent NMR reports had been controversial, 

and contradicted other spectroscopic results such as scanning tunneling 

microscope [Zhang et al., 1991], optical conductivity [Degiorgi et al., 1992] , 

and J..LSR [Kiefl et al., 1993]. Although the molecular motion had been studied 

extensively [Yoshinari et al., 1993], the precedent NMR reports had derived 

little information on the electronic properties of A 3C6o. In the opinion of the 

author, the only exception is the finding that _tPi"(7) be low Tc is well explained 
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by the BCS weak-coupling prediction [Stenger et al. , 1993]. This situation is 

ra ther surpri s ing, since it is well known that NMR has been applied to clarify 

the e lectroni c states of the heavy fermions and the cuprate oxides [Pennington 

and Slichter, 1990] as well as to confirm the BCS theory [MacLaughlin, 1976]. 

The controversial NMR reports by 1994 can possibly be caused by the following 

three factors. 

First, the sample quality: the advantages of NMR measurements stem from the 

fact they can give both static and dynamical information on the electronic states 

from a microscopic point of view (namely , the information is site-specific, as in 

the case for the studies of cuprate oxides). At the same time, however, this 

means that the NMR results can be misleading, especially when the sample 

contains extrinsic phases exactly because the obtained information is site-specific. 

Second, the accuracy of the measurements: in general, the NMR signal is weak 

due to the small value of a nuclear magnetization, which forces us to average 

the weak signals substantially. This means that insufficient averaging and/or the 

drift of the spectrometer during the averaging can cause misled experimental 

results. Third, the way of analyzing the obtained data: the analyses should be 

performed on a consistent physical picture. For example, a picture that explains 

the NSER in the T1-process of the 13C NMR should reproduce the line shapes at 

the same T as well. 

In the present study, we have done the prescriptions to the above mentioned 

problems: first, we have used a good quality sample. One of the reason we have 

chosen K3C6o despite its lowest Tc among A3C6o is that K3C60 is considered to 

be of the best quality , as typically shown by the sharpest superconducting 

transition and the largest volume fraction of superconductivity shielding. Indeed, 

we have confirmed from the 13C NMR spectra that our sample does not contain 

the unreacted pristine C6Q. In addition, it is confirmed qualitatively that the bulk 

susceptibility above Tc does not show the upturn toward Tc. Second, we have 

tried to obtain preci se data by making the use of our knowledge on NMR 
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measurements as well as improvi ng the spectrometer, although this forced us to 

spend mu ch time. Third , we analyzed the obta ined data systematica lly: fo r 

example, we have successfull y proved that both the T1-recovery shape of the 

13C NMR at high T (a t low T) and the symmetrical (asymmetric) line shapes are 

qualitatively reproduced by the anisotropy in the 1 3C hyperfine coupling. 

"Based on these prescriptions, we give an answer to the controversial situation, 

thereby we deduce a consistent physical picture on the electronic states of 

K3C6o." 

This is the purpose of the present study. 

The names of the game of the present thesis are as follo ws: 

[1] Is the K3C60 superconductivity explained by the framework of the BCS 

theory? : Is the electronic states in the normal state a Fermi liquid? Does the 

superconducting energy gap show an s-wave symmetry? How large is the 

superconducting gap? Are the Cooper pairs phonon-mediated? 

[2) What are the electronic states on the C60 molecule like? : Is the value of l /T1 

enhanced by electron interaction as in the case of the cuprate oxides? Whi ch is 

dominant to the carbon hyperfine coupling, isotropic Fermi contact one or 

anisotropic dipolar one? 

[3) Is there any difference in the electronic states between the carbon sites and 

the potassium sites? 

[4] Why is the Tc of K3C6o so high? 

In an attempt to give answers to these questions, we obtained preci se 13C 

spin-lattice relaxation time at low temperatures where the C6o motion is fro zen, 

as well as highly resoluted 13C- and 39K-NMR spectra below room temperature. 

In this thes is, by analyzing them systematically , a consistent phys ical picture to 

the electronic properties of K3C6o superconductor will be given. 
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Chapter 4. Experimental Procedures 

§4-1. Sample Preparation 
The K3C60 sample used in this study was synthesized at Department of 

Physics & Texas Center for Superconductivity, the University of Houston in the 

United States of America. The sample was prepared as follows: commercially 

obtained C6o was purified by the standard chromatographic method and by 

filtration in order to remove undissolved graphite, C7o, and other higher fullerenes. 

The superconducting K 3C6o sample was synthesized by reacting the purified 

C60 with potassium (99.95 %, Alfa Aesar) in the stoichiometric composition of 

K:C6o = 3:1 in a quartz tube sealed in vacuum at 200 °C for 12 hours until all 

the potassium was absorbed by the purified C6o. The material was then annealed 

at 250 oc for another 24 hours . The amount of the obtained sample is about 50 

mg. Since C6o was commercially obtained, 13C in our sample is naturally abundant. 

The Tc onset, determined by susceptibility measurement under 2 Oe after zero­

field cooled, is 19.4 K. The superconducting shielding fraction is 50 % in 

comparison to that of standard niobium metal. Reliable value of bulk spin 

susceptibility ;tpin is not available above Tc, due to the larger magnetization of 

the Pyrex glass that seals the sample. Nevertheless, we observed the qualitative 

behavior that ;tpin decreases with decreasing T by subtracting the Pyrex 

magnetization. In other words, no upturn in ;tpin is observed toward Tc with 

lowering T, unlike the ;tpin(7) behavior in the normal state of A3C6o samples 

reported previously [Wong et al., 1992; Ramirez et al., 1992b]. In addition, as 

is discussed in Chapter 5, the 13C NMR study revealed that our sample does not 

contain the unreacted pristine C6o unlike the samples of other groups [Yoshinari 

et al., 1993]. Thus, our sample is of better quality in the absence of upturn in 

xspin and of the unreacted pristine C6Q. 
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§4-2. Spectrometer 
The pulsed-NMR spectrometer used for the present study is based on that 

of Prof. Yasuoka's laboratory at ISSP, the University of Tokyo (Tokyo, Japan), 

and has been built and modified at NTT Basic Research Laboratories by the 

author since 1990 with the help of Dr. A. Matsuda. As seen from the typical 

block diagram of Fig. 4-1 (a), we employed phase sensitive detection (PSD). 

This enables one to obtain precise data by averaging very weak signals 

substantially (In most cases of the present study, the 13C- and 39K-signal-to-noise 

ratio (SIN) was less than unity). The spectrometer is controlled by the personal 

computer (HP382) through GPIB cables using programs originally written by 

Dr. A. Matsuda and modified by the author. These programs help one to run the 

spectrometer easily with parameters on time, frequency and so forth. In addition 

to controlling the devices, the personal computer receives the averaged signals 

from signal storages (IW ATSU DM2350 and SM2100C) and processes the data 

by fast Fourier transformation or by obtaining spin-lattice relaxation recovery 

data. 

The PSD requires two radio frequency (RF) channels and the detection is 

optimized by changing the difference in their phases. In usual cases, the RF 

delay lines are used for controlling the phase difference in the two channels as a 

phase shifter. In our case, we employed a two-channel RF synthesizer (HP3326A) 

instead. This enabled us not only to obtain a highly stable phase difference for 

long time measurements but also to control and reproduce it digitally by the 

computer. However, the maximum frequency which HP3326A generates is 13 

MHz. Therefore, as shown in Fig. 4-l(b) , a desired frequency more than 13 

MHz is obtained by combining the frequency generated by HP3326A (13 MHz) 

and that by HP8657B (HP8656B) for the "main channel" (for the " reference 

channel"). The frequencies are combined by double balanced mixers and the 

resultant side-band frequencies are cut-off by band-pass filters (Tamagawa-Denshi 

Tunable Filter VVF-134) which are made to our order. 
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Fi g. 4-1 
(a) Typical block diagrnm of the spectrometer. Solid line with solid head 
indicates the signal input I output. Most components are controlled by 
a personal computer. The GPffi command input I outputs are represented 
by a solid line with an open head at both ends. Since the NMR 
measurements are done by pulsed method, the nigger pulses are needed. 
The nigger, produced by the pulse programmer, is put in to the RF synthesizer, 
the RF power amplifier, the AID converter, the digital storage, and the 
oscilloscope. The nigger pulses are shown by a broken line with a solid arrow. 

(b) For the stability and accuracy in the phase difference between the "main 
channel" and the "reference channel", the phase is controlled by a two channel 
RF synthesizer (HP3326A). A desired RF is generated by double balanced 
mixers and band pass filters, as shown below. The RFs are given by three 
synthesizers (HP8657B, 8656B, and 3326A) whose time base are governed 
by a highly-resoluted and highly-stable oscillator (HP optionOOI). 

( b) (v+l3) MHZ 
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A desired T is obtained by cooling the sample with the helium gas flow 

in a cryostat and , at the same time, by heating the sample through a wire wound 

on a surface of a copper can which shields th e resonance circuit 

electromagnetically. The sample Tis monitored by a Au Fe Chrome! thermocouple 

sensor which is calibrated at both 77 K and 4.2 K after it is equipped to the 

probe. The sensor, which is thermally anchored to the ground of the resonance 

circuit, is touched on the sample coil in order to avoid the T gradient between 

the sample and the sensor. However, this results in picking up the electromagnetic 

noise from outside the can though the sensor to the NMR pick-up coil. Thus , we 

attached a home-made passive noise filter at the top of the probe to eliminate 

the noise. The flow of helium gas for the cooling is obtained by a mass-flow 

controller (Ohkura Electronic MF5041A). Based on the monitored T, the desired 

T, and the parameters input from the personal computer, the T controller (Lake 

Shore DRC-91 C) produces the suitable electric current for the heater (the wire 

on the can). As a result, the desired Tis controlled within the error of± 0.1 K. 

In order to obtain better S/N, we tried to match the impedance of the 

resonance circuit by making the use of a network analyzer (HP8752A). Although 

our resonance circuit, as shown in Fig. 4-2, is not equipped with two variable 

capacitors for perfect matching, we have confirmed that the impedance is matched 

satisfactory: specifically, its imaginary part is zero and its real part is 40-60 n 
in many cases (The spectrometer is 50 Q-impedance type). The typical sensitivity 

of our spectrometer is 0.1 J.lV. 

In addition to the above mentioned modifications by the author to the 

NMR spectrometer for the studies of solid state physics (denoted as broadband 

use hereafter), we have done extra upgrades for the study of the K3C6o fulleride . 

First, the resolution of the spectrometer is improved, since the widths of the 

13C- and 39K-NMR spectra of fullerides are by the orders of 1-3 smaller than 

those of usual meta ls. By employing a high ly homogeneous superconducting 

magnet (Oxford 300/89), we achieved a resolution of 0.2 ppm. This is -50 
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Fig. 4-2 
Resonance circuit used in the present NMR study. Although it is 

impossible to match the impedance of the circuit at an arbitrary 
frequency in principle, it was confirmed by using a network analyzer 
that the impedance is matched satisfactorily in practice; its imaginary 

part is 0 n and the rea l part is 40 -60 n. at both frequencies of -70 
MHz (for the nc NMR) and -14 MHz (for the 39K NMR). 
RF pulses are put in from the inductor Lin, which is coupled to the 
resonance coil Lrcs · Output signal from the nuclei in concern is picked 
up by the inductor Lout· The three inductors are wound on a cyl inder 
and electrically insulated from each other in order to avoid arching 
between Lin and Lrcs, and between Lrcs and Lout· The material for the 
insulation is glass-paste (epoxy) for the 13C NMR (for the 39K NMR) 
which does not contain carbon (potassium) nuclei. The better the 
impedance is matched, the more li kely the aching happens at the 
variable capacitor. Thus, a method, which was invented by the author 
and is in appliance for a patent, is prescribed for the insulation. 
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times better than that for the broadband use (-10 ppm). Second, in addition to 

the homogeneity, it is indispensable to improve the stability since the measurement 

at a fixed T takes very long time for precise data (one hour at shortest and a few 

weeks at longest) . The required stability is, however, not achieved by employing 

the Oxford 300/89 magnet alone, although its magnetic field is more stable than 

0.1 ppm/day. This is because the frequency of the oscillator (HP 8656B/8657B) 

depends on the room temperature substantially (2 ppm/5 ' C), which is a problem 

for the present study. One solution is to control the room temperature within ±1 

' C. However, this is found to be insufficient, particularly for the measurements 

of the 1:Jc-NMR Tt at higher Tor the 39K-NMR spectra because of the sharpness 

of the line shapes. Thus, we employed a highly stable and T compensated 

oscillator (HP8656B with Option 001). As a result, the spectrometer achieved a 

stabili ty (better than 0.1 ppm/day) and a homogeneity (better than 0.2 ppm) 

which were found to be sufficient for the present study. 

§4-3. 13C and 39K NMR Measurements 

The K3C60 sample synthesized at Texas was carried to us in an ampule 

made of Pyrex glass (about 10 em) with inert helium gas. Since the static 

magnetic field is applied vertically in the case of our spectrometer, the sample 

coil should be placed horizontally in principle. However, the accessible diameter 

of our NMR probe is 35 mm. Therefore, we had to transfer the sample into 

another tube which could be placed in our NMR probe. The procedures for the 

transfer were done very carefully by a skilled chemist Dr. M. Fujiki in our 

laboratory, using a grove box when the sample was out of the tube. This is 

because exposing the sample to air or moisture immediately changes the properties 

of the sample in addition to destroying its superconductivity. The procedures 

are as follows : one of the edges of a newly cut Pyrex tube was sealed and then 

bent into an L-shape. The prepared tube was dried in a grove box for 24 hours 

at 200 °C in order to purge moisture, oxygen, and other gases adsorbed on the 
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surface of the tube. The K3C60 powder was extracted by cutting the ampule 

from Texas and then put into the prepared L-shaped tube. Then, the sample was 

sealed completely in a vacuum by closing the other edge of the tube. Hereafter, 

all the 13C- and 39K-NMR measurements were performed using the sample 

sealed in this L-shaped Pyrex tube. 

Although the sample coil should be placed horizontally in principle in the 

case of our spectrometer, we gave the coil a slope about 10 degree from the 

horizontal direction in order to locate the sample powder in the center of the 

coil. This resulted in obtaining higher homogeneity, better S/N, and reproducibility 

in the measurements. 

In the case of our resonance circuit, as shown in Fig. 4-2, the better the 

impedance is matched, the higher is the possibility of arching between the 

resonance inductor, which is coupled to the capacitor and denoted as 4es in the 

figure , and the input or pick-up inductor, Lin or Lout in the figure. Then, molding 

the inductors with insulating materials is inevitable. In order to avoid picking up 

the NMR signals from the materials of the coil, it is required that the sample 

coil (not only the inductors but also the materials for the insulation) should not 

include the same nuclei as contained in the sample. For 39K NMR study, we 

used an epoxy (Ciba-Geigy Ltd ., Rapid Araldite) as the insulator because the 

constituents are mainly proton and carbon, free from potassium. In the case of 

13C NMR study, however, we are not allow to use epoxies since they contain so 

many carbon nuclei. 111us, the sample coil was made exclusively of carbon-free 

materials for ourselves. The process is as follows : first, we prepared a cylinder 

(the length is 25 mm and the diameter is 5 mm) made of Macor (no carbon 

included) . On the surface of the cylinder, we craved a ditch so that we can wind 

easily and firmly the Ag-wires for the inductors. Instead of epoxies, we insulated 

the wound Ag-wires with glass pas te (Tanaka Kikinzoku LS- 402). Although 

the paste needs to be molded in a furnace firmly, we had to dry it beforehand to 

the extent that it does not melt down in the furnace because of its rather low 
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viscosity. Thus, the sample coil painted with the glass paste on the wound 

Ag-wires was dried by the radiation heat of a 500-W infrared lamp, by rotating 

the coil in roughly horizontal direction. This pre-drying process was repeated 

several times before molding the paste in the furnace . In addition, the molding 

process in the furnace was done several times in order to insulate the inductors 

of the sample coil sufficiently. The molded glass paste is confirmed to be proof 

of heat cycling. It is to be noted that the prepared carbon-free sample coil 

should not be used for 39K NMR study, because potassium is one of the constituents 

of the glass paste . 

13C- and 39K- NMR spectra are obtained by a fast Fourier transformation 

of their free induction decays (FIDs) under a static magnetic field Ho of 7.06 

tesla. As already mentioned, the spectrometer is more stable than 0.1 ppm/day 

and more homogeneous than 0.2 ppm. Quite generally, it is inevitable to check 

whether the RF pulse irradiates the overall line shapes sufficiently in obtaining 

spectra by the FFT of FIDs, as in the case of measuring r, and T2. Otherwise, 

the incomplete RF irradiation results in experimental artifacts, hence misled 

conclusion. Typical net RF pulse power, which is supplied to the NMR probe 

by the power amplifier (Doty Scientific DSI 1000B), can be measured by a 

pulse power meter of the amplifier and is found to be 200 W (20 W) for 13C 

(for 3~). The smaller pulse power for 39K is consistent with the longer pulse 

width: specifically, the width of 90° pulse for 13C (for 39K) is 13.7 J..Lsec (50 

J..Lsec) . The corresponding amplitude of the alternating fi eld H 1 for 13C (for 3~) 

is calculated to be 13H, = 17 Oe (39 H1 = 25 Oe). The ratio of l3H 1 (39H1) to Ho 

results in 240 ppm (360 ppm), which is found to be sufficiently larger than the 

width of the overall 13C- (39K-) NMR spectra. Therefore, it is safely confirmed 

that the RF irradiation is sufficient for both the 13C- and 39K-NMR study. 

Pulse repetition time (Rep) for averaging the 13C- and 39K-FID was set to 

be roughly several times of the Tt at a given T. Typica l Rep for 13C (39K) 

spectra was I sec (30 sec) at 300 K and 15 sec (4 min) at 20 K. Substantial 
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number of averaging, in addition to the rather long Rep, took us long time to 

obtain reliable data . Since the gyromagnetic ratio (y) , which is a measure of 

NMR sensitivity, of 13C nucleus is almost the same as that of 63Cu nucleus, the 

poor SIN of 13C in our 50-mg K3C6o sample is mainly explained by the smaller 

number of the I3C nuclei. The number of 6:Jcu nuclei in a 1 g-YBazCu307 

sample is 1.8x 1021 , whereas that of 13C nuclei of natural abundance (1 %) in a 

50-mg K3C6o is only 2.2x 1019. Moreover, as the K3C6o powder is sealed in a 

Pyrex tube, the filling factor in the coil is less than 1/10. Thus, the SIN in the 

present case is roughly estimated to be about 1/1000 of the YBa2Cu307 case. 

On the other hand, the SIN of the 39K NMR was much poorer than that of the 

13C NMR, although the number of the 39K nuclei is 5 times larger than that of 

the 13C nuclei. This is because, at a constant field, the sensitivity of 39K nucleus 

is 0.03 of that of 13C nucleus by nature, which is considered to be mainly due to 

the smaller y of 39K (39y = 2.0 MHz/tesla, 13y = 10.7 MHz/tesla) . Typical 

number of averaging for the 13C (for the 39K) spectrum was 3,000 (30,000) at 

300 K and 3,000 (1 ,000) at 20 K. (Quite generally, we have to average the 

signal at higher T more than that at lower T in principle. Thus, the actual 

averaging needed for the 13C signal at low T is more than expected. This is 

because, with decreasing T, the 13C recovery process deviates from the single­

exponential behavior and longer component progressively appears, as will be 

discussed in Chapter 5.) As a result, it took 15 min (7 days) at 300 K and 4 

hours (3 days) at 20 K to obtain reliable 13C- (39K- ) NMR spectra. 

One of the troubles in performing pulsed NMR is the so-called ringdown. 

This is observed as a spurious wave in the time domain just after the input RF 

pulses. Since an FlO also appears just after the pulses, if the "lifetime" of the 

ringdown happens to be the same as that of the FlO (which actually happens 

when the quality factor of the probe is sufficiently large), the apparent "signal" 

is the superimposition of the intrinsic FID and the spurious ringdown. If the 

signal is obtained as a spin-echo (SEO), there exists a "prescription" to deduce 
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only the SEO by eliminating the ringdown, which is kn own as phase cycling 

Iechnique. However, this technique does not work in principle when the signal 

is acquired as an FID. Thus, we had to subtracted the ringdown in a different 

manner. Fortunately, the ringdown appeared mainly on the 39K-FID signal. 

Thus, we made use of the fact that the T1 of the 39K NMR signal is very long: 

specifically, after we finished averaging an FlO in the presence of the ringdown 

under an appropriate long Rep, we successfully obtained only the ringdown 

under much shorter Rep. We did this subtraction process soon after the signal 

averaging was fmished, because it depends on the subtle change in the spectrometer 

sensitively (such as the configuration of the coil, the flow of gas helium, the 

impedance of the resonance circuit, and so forth). 

All the T1 values of the 13C nuclei are measured by saturation recovery. 

Most of them are taken by recovering a spin-echo with the condition that an 

interval ('t) between 90'- and 180'-pulses is long enough (1 ms) in order that an 

FID is not superimposed on the SEO. However, some are taken by recovering 

an FID to confirm that our 't is sufficiently long. Unlike obtaining the 13C- and 

39K-NMR spectra, the T1 at low Tare measured under a magnetic field of 2.93 

tesla, using a superconducting magnet for broadband use which was made to 

our order (Cryogenic Ltd., NbTi-wire, 8-tesla). Since the value of T1 can possibly 

depend on the strength of applied magnetic field below Tc, which is actually the 

case for the cuprate superconductors, the fixed magnetic field of 7.06 tesla by 

the Oxford300/89 can be too strong to clarify the superconducting mechanisms. 

This is why the magnet for broadband use is employed although the homogeneity 

of the Cryogenic is worse (10 ppm) than that of the Oxford300/89 (0.2 ppm). 

Moreover, the insufficient homogeneity matters little in this case. This is because 

it is the completeness of the RF pulse irradiation on the overall line shapes, 

rather than high homogeneity, that counts for measuring T1. As already mentioned, 

this condition is safely satisfied. 

In addition to the complete irradiation, the following conditions should 
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be satisfied for obtaining reliable values of Tt. First, the Rep should be sufficiently 

long. We confirmed that the Rep was more than 10 times larger than the obtained 

value of Tt, as usual. Second, the recovery data of the 13C nuclear magnetization, 

which is defined as P(t) = 1 - M(t)/Mo (where M(t) (Mo) is the magnetization at 

timet after saturation (at thermal equilibrium)), was acquired until P(t) decreases 

about 1 %. This is particularly important when the time evolution of P(t) does 

not follow a single exponential function, which is actually the case for the l:Jc 

in K3C6o at low T. Otherwise, the value of Tt, which is derived by the fitting of 

the recovery curve, can possibly be misleading. Third, the recovery data were 

obtained by iteration, that is, signal averaging was done by sweeping the time t 

repeatedly. This was performed to exclude the effect of the drift in the spectrometer 

on the value of Mo. Moreover, the recovery data was employed only when the 

drift in the values of Mo was less than 10 %. These three measurement conditions 

consequently required long Rep (10 minutes at 8.2 K) and substantial averaging 

(300 at 30 K), hence very long time to obtain a reliable data at a given T (no 

less than 2 weeks). 
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Chapter 5. 13C NMR Study 

§5-1. Static Properties--- Results of 13C NMR Spectra 
13C NMR spectra at typical temperatures are shown in Fig. 5-1. At room 

T, symmetrical line shape is observed, which is considered to be due to the 

motion of the C6o molecules. With decreasing T, the shape starts to show an 

asymmetric structure with a sub peak at 140 ppm below 235 K (= "Trmation", 

hereafter). It is tempting to attribute this sub peak to unreacted pristine C60 

because the 13C NMR shift of the pristine C6o is the same as that of the sub 

peak. If this were so, the intensity of the sub peak would be substantially larger 

with longer pulse repetition time at 250 K [Tycko eta/., 1991a; Holczer et al., 

1993; Yoshinari et al., 1993]. However, the inset of Fig. 5-1 clearly shows that 

this is not true. Moreover, since the Tt of the 13C signal of the pristine c60 is, 

below 100 K, reported to be larger by the orders of more than two, the c60 

signal is not observable under the measurement conditions of the present study 

[Tycko et al., 1991a; Maniwa et al., 1992a]. Therefore, the sub peak should not 

be due to the pristine C6o. Taking into account that the motion of the c60 

molecules in K3C6o freezes with decreasing T, and that the molecule is regarded, 

in the nucleus length scale, as an almost "planar segment" formed by one C=C 

bond and two C-C bonds, the anisotropy in the 13C NMR shift 13K; should be 

observable. In this case, the 13C NMR spectrum is expected to show a powder 

pattern because, as illustrated in Fig . 5-2, the planar segments possessing 13C 

nuclei in all the C6o molecules (hence the crystallites) have random orientations 

with respect to the static magnetic field Ho. Therefore, as shown in Fig. 5-3, we 

attempted to reproduce the spectra using powder patterns, whose asymmetry is 

caused by anisotropic 13K; (denoted as 13Kx, 13Ky, and 13Kz in descending 

order). In addition to the shift tensors I3K; (i = x, y, z), line broadening 13Tis 

taken into account as a fitting parameter. It is to be noted that the full-width at 
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Open ci rcles show the 13C NMR spectra of our superconducting fulleride K3C6o (Tc 
= 19.4 K) at typ ical T under a static field of 7.06 tesla. 

Symmetrical line shape at room T starts to show an asymmetric shape at 235 K (= T 
rotation ). Powder patterns with ani sotrop ic NMR shifts 13Ki (i = x , y, z) using the 
Monte-Carlo si mulat ion (shown by the sol id curves) reproduce the essential features of 
the spec tra below T rotation · 

Inset : Pulse repet ition time (Rep) dependence of the 13C NMR spectra of K3C6o at 
250 K. If there ex isted the unreacted pristine C6o. the signal at - 140 ppm should ge t 
subs tanti ally larger under Rep = 10 sec. The inse t shows that our K3C6o sample contains 
the pristine phase too little to be detected . 
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Ho 

Fig. 5- 2 
Crystal structure of the soccer-ball shaped C6o molecule under a 

static magnetic field of H o. Seen from the nucleus length-scale, 
the local structure of the molecule is regarded approximately as a 
" planar segment" which consists of two C-C bonds and one C=C 
bond. In the presence of Ho, the planar segmen ts are randomly 
distributed with respect to Ho. 
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(a) 

Fig. 5-3 
(a) Configuration of a planar segment of the C6o molecules under a static magnetic 
field of Ho. The simulation in Fig. 5-1 was performed by the random direction of Ho 
(i.e., the random values of e and¢). 
The principal axes of the Knight shifts 13K,spin are found to be the same as those of the 
chemical shifts 13K;orb (i = x, y, z). The z-axis (x- andy-axis) is the perpendicular 
(parallel) direction of the planar segment. 
In this "planar segment" model, the x-axis (y-axis) is found to be the perpendicular 
(parallel) direction of the C=C bond, from the discussion in Section 5-3-A. 
(b) The random values of e and ¢result in the so-called "powder pattern". The line 
shape in the case of Kx- Ky < Ky - K, is illustrated below. 

(b) 

K 
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half-maximum of the overall spectrum is not given by the broadening 13 r but 

by the anisotropy ( == [(13Kx+ 13Ky)/2- 13K,]). All the calculations were done by 

Monte-Carlo simulation. The simulation program was written by Dr. A. Matsuda. 

In this simulation, we assumed that the electronic states of the 60 carbon sites of 

a C6o molecule are equivalent despite the presence of crystallographically 

inequivalent sites when the molecular motion is frozen. This assumption is 

proved to be a good approximation in Section 5-3-C. As shown in the Fig. 5-1 , 

the simulation reproduces the essential feature of the line shapes. The poorer 

fitting at 200 K is due to an experimentally spurious effect: the "ring-down" in 

the FID at 200 K forced us to reduce the time range of the FFT. This resulted in 

the reduction of the intensity at 13K = 155 ppm, which is observed as the 

apparent dip in the line shape. 

Fig . 5-4 shows the T dependence of 13K;. Isotropic (1 3Kiso) and anisotropic 

( 13Kax) parts of the 13K; and asymmetric parameter (1 31)) are defined as 

13Kiso = (13Kx + 13Ky + 13K,)/3, 

13Kax = ['3K,- (13Kx + 13Ky)/2)/3, 

131) = ]13Kx- 13Kyi/1213Kaxl. (5-1) 

Fig . 5-5 represents the Tdependences of 13Kiso. 13Kax, and 13r. With decreasing 

T, both 13Kiso and 13Kax decrease. In Fig. 5-6, 13Kiso is plotted against 13Kax with 

T as an implicit parameter. This indicates that, in the normal state (Tc < T < 

Trmation), 13Kiso has the same T dependence as 13Kax· 

§S-2. Dynamical Properties --- Results of 13C NMR T1 

Since one of our purposes of measuring 13C spin-lattice relaxation time 

r, is to clarify the electronic properties instead of the C6o molecular motions in 

K3C6o. we obtained the values of T1 mainly at low T (< 55 K) where the 

molecu lar motion is sufficiently frozen, including those in the superconducting 

state. We show typical examples of the 13C magnetization recovery data in Fig . 

5-7. Since we found that the recovery data P(t) cannot be fitted to a single 
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Fig. 5-4 
T dependences of the ani sotropic NMR shi ft I3K; (i = x, y , z). At each T, the value 

of 13K; is obtained by the Monte-Carlo simulation for the spec trum , as typically 
shown in Fig. 5-l. From the discussion of 39K NMR spectra (Chapter 6) , the orientational 
order of the C6o molecules is found to be incomplete below T* 
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Fig. 5-5 
T dependences of isotropic (I 3Kiso) and anisotropic (1 3Kax) pan of the 13C 

NMR shi ft, which are defined by Eq. (5-l), are shown In the left-vertical axiS. 

In the right axis , T dependence of the broadening parameter ( 13J) to 

reproduce the spectrum is shown. No te that 13Kiso and I3K,. have the same T 
dependence. 
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Fig . 5-6 
Isotropic 13C NMR shift i3Kisa is plotted as a function of anisotropic one 

13Kax forT< Tratation wi th Tas an implicit parameter. Solid line, which is obtained 
by the least-squares fitting for T > Tc, indicates that 13Kisa and 13Kax have the 
same T dependence as expected from Fig. 5-5 . 

Below Tc, the contribution of the superconducting diamagnetism 13(M-!!H) 
to the NMR shifts, which is given in principle by the reduction of 13Kisa from the 
solid line a t a given value of 13Kax. is found to be negligible(< 5 ppm). Chemical 
shifts (13Kisoorb and 13Kaxarb) are obtained by extrapolating the values of 13Kisa and 
13Kax to those at T = 0, assuming the Yosida function [Stenger era/., 1993] . 
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exponential function, we attempted to fit it to a 2-exponential function: 

P(t) = 1- M(t) / Mo = pS exp(-t/T1s) + pL exp( -t/T1L), (5-2) 

with Fs, T,s, FL, and T,L being the fitting parameters. Here, M(t) (Mo) is the 

magnetization at time t after saturation (at thermal equilibrium), T 1S (T1L) is 

defined by the initial slope (the "final slope") of the recovery data, and ps (FL) 

is the fraction of T,s (T,L). By this fitting, we found that the non-single exponential 

recovery (NSER) data taken at all T < 55 K can be normalized to an identical 

recovery shape. Specifically, as shown in Fig. 5-8, almost T- independent relations 

ofT, L;y,s = 3.4 ±0.4 and fS;pL = 2.0 ±0.6 hold. The T dependences of T 1S and 

T,L defined in this way are shown in Fig. 5-9, whereby we point out two 

features. First, above Tc, T,T = constant holds at least up to 55 K within 

acceptable error range . As is verified later, this indicates that the 13C nuclei in 

K3C60 relax to a Fermi liquid where the electron interaction is treated within the 

RPA. Second, below Tc, 1/T ,T decreases gradually and has a convex T dependence 

curve. This behavior can be interpreted not as a clear-cut, but as a suppressed 

coherence peak [Hebel and Slichter, 1959], because the bulk superconductivity 

is confirmed by the Meissner signal detected as the increase in the resonance 

frequency of the resonance circuit under the magnetic field. 

In addition to the values ofT, at T < 55 K, we obtained those at high T of 

300 K, 310 K, and 320 K. As typ ically shown in Fig. 5-10, the recovery data at 

T > 300 K are, unlike those at T < 55 K, well reproduced by single exponential 

functions. Thus, the values of T, were unambiguously defined. This is in 

accordance with the result mentioned in Section 5-1 that the line shapes at T > 

Trmation are symmetric. 

§5-3. Analyses and Discussions on 13C NMR Study 
§S-3-A. Ana lyses of 13(: NMR Spectra 

First, we analyze the spectra in the norma l state on which those in the 

superconducting state are based. As mentioned in Chapter 2, in general, observed 
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T dependences of the values of !/(ItT) for Tts and TtL Note that they have 
the same T dependence, as indicated by Fig. S-8. In this T range, T tT is T independent 
above Tc, and a suppressed coherence peak is observed just below Tc. The solid 

curves, which Nakamura ec a/. calcu lated with a model c?F(w) based on the 
Eliashberg equation, reproduce our data well. From the T dependence of the fitted 

curves, the reduced superconducting gap 2tYksTc is found to be 4.3 . 

58 

0.1 

..-... ..... .......... 
c.. 

0.01 

0.001 
0 0.4 

Fig. 5-10 

T = 300 K 
H = 7.06 tesla 

0 

0.8 
t (s) 

0 

1.2 

0 

0 

0 

1.6 

Spin-lattice relaxation recovery curve at 300 K (> Trotation). Unlike 
the data at low T (<55 K) which are typically shown in Fig. 5-7, the 
recovery data at high T shows a single-exponential time evolution 
expected for 13C nuclei with spin one-half. 
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NMR shift K consists of the Knight shift KSPin and the chemical shift J(O'b. 

However, in the case of a powder pattern, we need to discuss whether the 

principal axes of 13KSpin have the same directions as those of 13J(O'b. Since every 

carbon site has one C=C bond and two C-C bonds which are regarded as a 

planar segment, the z-axis (the x- or y-axis) of 13J(O'b is assigned to the 

perpendicular (parallel) direction of the planar segment. Since the chemical 

Shieldino alono the z-direction is considered to be the largest, 13Kzorb is expected 
"' "' 

to be smaller than 13Kx;/'b [Bovey, 1988]. The " in-plane" anisotropy of the 

bonds results in I3Kxorb ;e I3Kyorb. We therefore denote the principal values as 

I3Kxorb > I3K/'b > I3Kzorb, which is indeed observed for the pristine C6o [Tycko 

et al., 1991a; Maniwa et al., 1992b]. Regarding the Knight shifts, as the band 

calculation shows [Saito and Oshiyama, 1991], the isotropic (anisotropic) part 

is considered to come from the conduction electrons residing on the carbon 

s-orbitals (pre-orbitals). In this case, the z-axis (the x- or y-axis) is perpendicular 

d h I · f 13K spin > i3K spin - 13K spin (parallel) to the planar segment, an t e re atwn o z x - y 

holds. Therefore , in our case, the principal axes of 13Kspin are taken to be the 

same as those of 13J(Orb, namely, 

13K = 13K;orb + 13K1spin (i = x, y, z), (5-3) 

and the inequivalence of 13Kx and 13Ky comes from that of the chemical shifts 

instead of the Knight shifts (i.e., 13Kxorb ;e l3K/'b and 13Kxspin = 13K/pin). We 

assume, as is common, that l3K;0 'b is T independent and the observed decrease 

in l3K; is due to l3K,spin. Then, the reduction in 13K; is due to the decrease in the 

spin susceptibility _;r~pin. As will be shown later in this Chapter (Section 5-3-C2), 

the T dependence of the T 1 value renormalized by the anisotropy in hyperfine 

couplings (AHC) is well explained by the T-dependent xspin(T). In this case, 

for T > Trotation, 

[l3Kiso(T) _ 13Kisoorb]jl3Aisospin = Xspin(T), 

l3Kaxorb "' O, l3Kaxspin "' 0 (within the line width), 

for T c < T < Trotation, 
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[ 13Kiso(T) - 13Kisoorb]jl3A isospin 

= [13Kax(T) _ 13Kaxorb]/ 13Aaxspin = _;r~pin(T), (5-4b) 

holds where 13Aisospin (13Aaxspin) is the isotropic (anisotropic) hyperfine coupling 

due to the conduction electrons residing on the carbon s- (p-) orbitals. If the 

hyperfine couplings are T independent, the slope of the fitted line in Fig. 5-6 

gives 

(5-5) 

Thus, we have experimentally solved the controversial problem of which 13C 

hyperfine coupling is dominant in superconducting 

K3C6o: isotropic or anisotropic. [Tycko et al., 1991b; Antropov et al., 1993] . 

Equation (5-5) means that the 13c hyperfine is basically anisotropic, but, at the 

same time, substantially isotropic. 

Regarding the spectra below Tc, we observe no traces of the "Redfield 

patterns" which are expected for the spectra in the vortex state [Redfield, 1967], 

since Fig. 5-1 shows no qualitative changes in the line shapes above and below 

Tc except for the T dependence of 13K;. The Redfield pattern originates from 

the spatial distribution of the applied magnetic field penetrating from the vortex 

cores into the superconducting region. Thus, the absence of the Redfield patterns 

means that the penetration depth A is much larger than the distance of the vortex 

lattice d. Since the spectra shown in Fig. 5-l were obtained under the magnetic 

field of 7.06 tesla, the d value is estimated to be 180 A. On the other hand, 

Uemura et al. report that the penetration depth A of K 3C60 is 4800 - 6000 A, 
which is much larger than that of usual type-IT superconductors [Uemura et al., 

1991] . Thus we obtain 

A/d = 30 ±3 . (5-6) 

This is consistent with the absence of the Redfield patterns, as expected. It 

should be noted that we can conclude from the following reasons that the long 

tails observed in the spectra are not the traces of the Redfield pattern. First, the 

long tail of d1e Redfield pattern is , in principle, observed at only higher frequencies 
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if the line shape is shown as a function of frequency instead of magnetic field. 

However, our long tails are observed at both higher and lower frequencies than 

the main structure. Second, the long tail of the Redfield pattern should have a 

small edge at a resonance frequency of the normal cores, which is actually not 

observed in our case. Third, our long tails are observed in the normal state as 

well as in the superconducting state, whereas the tail of the Redfield pattern is 

observable only below Tc. Since the tails are observed down to 10 K where 

xspin is sufficien tly small [Stenger et al., 1993], it is concluded that the long 

tails do not come from the Knight shifts, but from the locally distributed chemical 

shifts corresponding to the inequivalent carbon sites (ICS) of a C60 molecule in 

A 3C6Q. 

It is to be noted that the t3c NMR probes the presence of the crystallographically 

ICS only by the chemical shifts but not by the Knight shifts, as is proved in 

Section 5-3-C. 

d · · KSPin In general, the decrease inK below Tc comes both from the re uctwn m 

(or xspin) due to the formation of spin-singlet Cooper pairing and from the 

superconducting diamagnetism !:JH/H. In many cases , it is difficult to estimate 

!:JH/H, although several methods have been proposed [Takigawa et al., 1989; 

Barrett et al., 1990]. Since we have found that no traces of the Redfield patterns 

are observed in the spectra below Tc, we can present a way of determining 

13(!:JH/H) unambiguously, as is shown in what follows. Since 13(!1H/H) cancels 

out in deducing 13Kax on the natural assumption that !:JH/H is isotropic, Eq. 

(5-4b) is modified to the following express ion forT< Tc as 

[ 13Kiso(T) - l3Kisoorb- 13(!:JH/H(T))]j1 3Aisospin 

(5-7) 

We can estimate 13(!:JH/H) as the difference between an experimental value of 

13Kiso (given by Eq. (5-7)) and a fictitious value which is given by assuming the 

absence of l3(!:JH/H) (the 13K;50 value given in Eq. (5-4b)). As shown in Fig. 

5-6, 13(!:JH/H) is found to be smaller than the error in 13K;so0 'b, hence negligible, 
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i.e., 

13(!:JH/H)::; 5 ppm. (5-8) 

Using the results by Stenger et al. that Xspin(T) follows the Yosida function 

[Yosida, 1958; Stenge r et al., 1993], the chemical shift 13K;s0°'b ( 13Kax0 'b) is 

estimated to be 110 ±10 ppm (-100 ±5 ppm). 

In order to obtain the Knight shifts l3Kispin(T) (i = x, y, z), here we discuss 

the T dependences of the observed NMR shifts 13Ki (i = x, y, z) which is shown 

in Fig. 5-4. Equation (5-8) derived from the l3Kiso vs. 13Kax diagram (Fig . 5-4) 

assures that we can obtain the chemical shifts by extrapolating 13Ki (T) as T --7 

0 K, hence 

13Kxorb = 258 ±5 ppm, 

13Ki 'b = 158 ±5 ppm, 

13Kzorb = -74 ±5 ppm. (5-9) 

These values yield 13K;50°'b= 114 ±5 ppm and 13Kax0 'b= -94 ±5 ppm, which are 

consistent with the results obtained from Fig . 5-6. With the values of 13K,orb, we 

obtain 13K,spin(T) as 13K i(T) - 13Kiorb. The T dependences of 13K,spin(T) are 

shown in Fig . 5-11. In the inset, we show the T dependences of 

[13Kaxspinjl3Kisospin](T) (= [13AaxspinJl3A;sospin]) using the values of 13K,spin. The 

inset shows that the ratio is almost T independent with the value of 1/(0.76 

±0.10). This agrees with the result of Eq. (5-5) which is deduced from Fig. 5-6. 

One may be tempted to argue that the negative value of 13Kx'pin (or 

13Ax'pin) is not intrinsic but should be some experimental or analytical artifact 

of, for example, merely regarding the line widths that grow at low T as the 

T-dependent 13Kx'p in. However, the negative 13Kx'pin is found to be intrinsic: as 

is shown in Fig. 5-12, the relation of 13Kipin(T) oc 13Kzspin(T) oc Xspin(T) holds 

because of the same T dependence of I3Kipin as that of 13K,spin, and because 

both 13Kx'pin and 13K,spin approach zero as T --7 0. Moreover, we can prove in 

what fol lows that the negative 13Kxspin results from the assumed "pn-orbitals" 

picture: the conduction electrons producing 13Aaxspin reside dominantly on the 
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T dependences of the Knight shifts of 13K,spin (i = x, y, z, iso, or ax). Solid 

lines are the eye-guides. 
In the inset, the ratios of the hyperfine couplings 13A,x'PinJ13Aiso'Pin (= 

13K,x'Pi"J13K;sospin), which are ob tained from the values of 13Kisospin and 13K,/pin 
in the main figure, are shown as a func tion ofT. Solid line is the eye-guide. 
Note that the almost T-independent value of 13A,x'Pi"J13A;sospin below Trotation is 
consistent with the result obtained from Fig. 5-6. 
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carbon pn-orbitals. For this purpose, we show that anisotropic Knight shift 

13K;ax, which is defined as I3K,spin- 13K;50spin (i =x, y, z), is equal to the Knight 

shift 13K;dipolc which is due to the dipolar field of the conduction electrons 

residing mainly on the carbon pn-orbitals. First, the relation 

(5-1 0) 

holds at every T, as is evident from the definition of 13K;ax. Quite generally, it is 
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T rotation 0 

known that the same relation as Eq. (5-10) holds for dipolar Knight shifts 300 

Kxdipolc(T) + Kiipoiecn + Kzdipoiecn = 0. (5-11) 

Second, the s igns of I3K;ax shown in Fig. 5-13 are to be noted, namely, 

(5-12) 

Equation (5-12) is consistent with the "pn-orbitals" picture [Yoshinari eta!., 

1990]. Third, following the discussion of the 13Kzspin(T) vs. 13Kipin(T) plot (Fig. 

5-12), the inset of Fig. 5-13 means 13Kxaxcn"" 13Kzaxcn"" ;tpin(T). Therefore, 

we have proved that the negative 13Kipin is not an experimental nor an analytical 

artifact, but is naturally resultant from the "pn-orbitals" picture. 

Here we compare the result of Eq. (5-5) with theoretical predictions. 

Since 1/TI is proportional to the square of hyperfine coupling [Moriya, 1963] 

and the orbital hyperfine coupling is negligible [Kawamoto et al., 1995b], the 

contribution of I3A;50sp in to the total l/T1 calculated from Eq. (5-5) is 38 %. 

Therefore, the 13A;50spin contribution is neither as small as the prediction based 

on local density approximation (LDA) (5 %) [Antropov et al., 1993], nor is it 

dominant as was predicted by Hartree-Fock approximation (HFA) [Tycko eta!., 

199lb]. 

From the viewpoint of the crystal structure of the C6o molecule (Fig. 5-2), the 

result of Eq. (5-5) is reasonable, since the local structure of a carbon atom in the 

molecule is , as already mentioned , regarded as a microscopic "planar segment" 

to a good approximation: the bonding length is 1.46 A for C-C and 1.40 A for 

C=C, whereas the diameter of the molecule is 11.1 A [Tanigaki et al., 1992; 

Mizuki et al., 19941. This planarity resu lts in the contribution of carbon atomic 
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p-orbitals to the molecular orbitals on the Fermi level. In addition to the planarity, 

the non-planarity that shapes the c60 molecule is expected to produce the 

contribution of carbon s-orbitals to some extent. In order to examine this 

interpretation for K3C60, we compared our result with the data for other carbon­

based superconductors [Takigawa et al., 1986; Kawamoto et al., 1995a]. As 

Table 5-I shows, the larger the dimensionality as a conductor, the larger the 

value of Aisospin/Aaxspin, as expected. In addition, it is interesting to note that 

K3C6o shows the largest Aisospin/Aaxspin and the highest Tc among these materials. 

This may suggest the importance of s-orbitals or higher dimensionality in 

achieving higher Tc in carbon-based superconductors. However, more examples 

are required to confirm the empirical relation, since we have no way of logically 

explaining the relationship between Tc and A;spin. 

Table 5-I 

(TMTSF)2Cl04 K-(BEDT-TTF)2X K3C60 
[Takigawa eta/.] [Kawamoto et a/.] [present study] 

dimensionality 1D 2D 3D 

Aisospin/Aaxspin 0.39 0.62 0.78 

Tc (K) 1.2 11.6 19.4 

Ordinarily, an experimental value of 13A,spin is obtained from the K -x 
plot [Clogston et al., 1964]. In our case, however, this is almost impossible 

because reliable value of xspin is unavailable, due to the larger magnetization of 

the Pyrex glass that seals the sample. This is why we obtained only the ratio of 

13Aisospin;I3Aaxspin from the NMR shifts alone, without using the ambiguous 

XSpin. Nevertheless, as in the case of 13Kiso/axspin, we observed the qualitative 

behavior that XSpin decreases with decreasing T by subtracting the Pyrex 
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magnetization. This means that both 13Aisospin and I3Aaxspin are positive. The 

positive 13Aaxspin confirms again the assumed "prr-orbitals" picture [Yoshinari 

eta!., 1990] which was concluded from Eq. (5 -12) or Fig. 5-13. The qualitative 

T dependence of Xspin and Fig. 5-13 result in 

13Aipin < 0, 13A/pin < 0, 13Azspin > 0. (5-13) 

In Fig. 5-14(a) , we show the T dependence of the 13ry value given by Eq. 

(5-l). It is to be noted that the relation of I3ry < 1 (i.e., 13Kx - 13Ky < 13Ky _ 

13Kz) holds at every T. This relation, as well as the unchanging order of 13Kx > 

l3Ky > I3Kz, verifies that the obtained l3Kiso, I3Kax, and 13ry are self-consistent. 

As is shown in the figure, on lowering T, the 13ry value increases without 

discontinuity (roughly linear in T) with l3ry (T ~ 0 K) = 0.53 ±0.15. Asymmetric 

parameter for the Knight shifts and that for the chemical shifts is defined as 

13ryspin= jl3Kxspin _ 13K/PiniJ]213Kax'Pin], (5-14a) 

13ryorb= ]13Kxorb _ 13KyorbiJ]213Kaxorb], (5-14b) 

respectively. Since 13ry (T ~ 0 K) = 13 ry orb owing to Eq. (5-8), we obtain 

13T) orb= 0.53 ±0.15. (5-15a) 

As is shown in Fig. 5-14(b), the I3ry spin value is small(= 0.17 ±0.08 « 1) and 

almost T independent below Trotation 

1377 spin = 0.17 ±0.08 « 1. (5-15b) 

This result is considered to be in good agreement with the assumed 13Kx'pin = 

13Ky'pin . 

Within the assumed "planar segment" model, we can show that the observed 

"in-p lane" anisotropy in the Knight shifts (i.e ., the small but finite value of 

I3ryspin) is ascribed to the electron dipolar field of the carbon pcr-orbitals (which 

is smaller than that of the prr-orbitals), if we take into account that the bond 

length of C=C (C-C) is 1.40 A ( 1.46 A). Along with the experimental result of 0 

> 13K/pin > 13Kxspin, the x- (y-) axis is assigned to the perpendicular (the 

parallel) direction to the C=C bond in the planar segment. 

It is tempting to argue that the substantial T dependence of I3ry contradicts the 
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small value of 131Jspin (« I) verifies the "p7t-orbitals" picture. The value of 13 7) 
depends on T although neither 131Jspin nor t37J 0 'b does . This is due to both the 
general relation of 1J ot. 7fPin + 7)"'b and the T-dependent 13K;spin. 
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T-independences of I3ryspin and I3rfrb. However, this is not true because, both 

the genera l relation of 1317 ~ 13ryspin + I37Jorb (which is seen from Eqs. (5-1) and 

(5-14)) and the T-dependent I3K,spin make the 137] value depend on T, although 

neither 13 ryspin nor I37Jorb does. 

As is shown in Fig. 5-15(a), the line shapes do not clearly depend on the 

pulse repetition time (t) for t- T,s (= 1.8 sec at T = 50 K), where the value of 

T,s is defined by the initial slope of the recovery curve. In what follows, we 

show that the t independence is explained by our powder-pattern model which 

comes from the anisotropic 13Aispin, but not by the model without the anisotropy 

in 13Aispin. 

For simplicity, we neglect the "in-plane" anisotropy for the Knight shifts, (i.e., 

13ryspin = 0). In this case, the T1-I value of a planar segment is given as 

T1-'(8, ¢) = [4(a>Pin)2- 2(a>Pin)(1+3cos28) + (7-2cos28)]C, (5-16a) 

C = [(Yr 2ka7)/(4ye2h2(AaiPin) 2)] L q[x''(q,CLQ)/illo], (5-16b) 

where a>Pin = Aisospin/Aaipin, Yr (Ye) is the gyromagnetic ratio of the nucleus 

(electron), x"(q,illQ) is the imaginary part of the dynamical spin susceptibility at 

the resonance frequency of u.o [Kawamoto et al., 1995]. As illustrated in Fig. 

5-3, e (¢) is the polar (azimuth) angle of the Ho field with respect to the z- (x-) 

axis. It is to be noted that Eq. (5-16) is valid even in the case of 17 * 0, so long 

as 1] spin = 0. On the other hand, the line intensity l in the absence of broadening 

at a given NMR shift K (not at a Knight shift KSPin) is expressed as 

! (c)= [c(l:f)]-1;1<,[(1-c)f/c(l-c)], 

c = (K- Kx)I(K, - Kx) = fsin 2¢ + (1 -fsin 2¢)cos28, 

f= (Kx- Ky)/(Kx- K,) = 27]/(3 + 7]), 

(5-17a) 

(5-17b) 

(5-17c) 

where;!<,[.] is an elliptic function given in the Slichter [Sl ichter, 1989]. It is to 

be noted that although T,-1( e, ¢) depends on only the e value because of ryspin = 

0, the intensity / (c) at a given c is, due to 7J ~ 0, integrated by the segments 

whose orientations are different from each other. In Fig. 5-l5(b), we show this 

integration as contours for typical c values in the case off= 0.3, corresponding 
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to the spectra shown in Fig. 5-15(a). Along with Eq. (5-16), the contours indicate 

that the T,-1 value at a given c is distributed except exactly at c = 0 (at Kx) and 

at c = 1 (at Kz). In order to see how the line shape depends on the t values, we 

estimate the t dependence of the nuclear magnetization at a c value, Me(t). We 

represent the t dependence of the "main peak" (the "sub peak") of the line shape 

by M c=f..t) (Me=I(t)). For this estimation, we first need the relationship between 

T 1-
1(8, ¢)and (T1 S)-1. The (T1S)-1 is expressed as [Kawamoto et al., 1995] 

CT!s)-' =4C[(a5Pin)2+2]. (5-18) 

Second, we assume that Mc(t)!Me(=) (= me(t)) is approximated by the minimum 

and maximum value ofT,, namely, 

1 - mc(t) = aexp[ -t/(T 1 ynin] + (1 - a)exp[ -t/(TI)max]. (5-1 9) 

For the parameters of a, (T,ynin, and (T1)max, we take into account the broadening 

obtained in the fitting (shown in Fig. 5-5), wherein the half-width at half-maximum 

is 25 ppm (corresponding to & = ±0.2). This is because the clear-cut edges at 
13Kx and 13Kz, which are expected for a powder pattern in the absence of 

broadening, are not observed. Specifically, the parameters are taken as aspin = 

1/3, (TI)min = T,[cos8=0.85] and (TI)max = T,[cos8=1] for c = 1 ±&,and a5pin 

= 1/4, (TJynax = T1 [cos8=0.70], (TI)min = T1[cos8=0] for c = f± !J.c. From Eqs. 

(5 -5), (5-16), (5-18), (5-19), and Fig. 5-15(b ), the t dependence of the estimated 

intensity ratio rpowder(t) = me=I(t)/mc=j(t) is shown in the upper of Table 5-ll. It 

is found that, in our case , the rPowder(t) value is almost t independent fort - T1 s, 

as expected. 

Table 5-ll 

t (s) 0.5 1.0 1.8 (= T, s) 6 .0 00 

rpowder(!) 0.23 ±0. 1 0.23 ±0.04 0.25 ±0.03 0.34 ±0.02 l 

,_sub/main(!) 22 19 16 7.8 1 
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(The arbitrary choice of the a values in Eq. (5-19) results in the errors shown in 

Table 5-II. The intensity at -13Kz shown in Fig. 5-15(a) may appear to be larger 

than the estimated rPowctcr(r) values fort = 1 and 1.8 sec. This is considered to 

result from the experimental inaccuracy (i.e., the non-linearity) in the intensity 

of a spectrum: the signal intensity at lower K is larger than the real intensity, 

because the carrier frequency for obtaining an FID is smaller than the signal 

frequenc ies, in addition to the inequivalent sensitivity of our resonance circuit. 

Moreover, the non-linearity in the power spectrum makes the smaller intensities 

appear to be larger than the real ones.) 

It should be noted that we find, in the course of this estimation, that the comparable 

value of 13Aisospin to 13Aaxspin (i.e., Eq. (5-5)) causes the fact that the condition 

oft - T1 s is insufficient to grow the intensi ties at around - 13Kz. Indeed, as 

already mentioned in Section 4-3 , the simulated spectra (typically shown in Fig. 

5-l ) were obtained under the condition oft= (5- 10) X T1 5 . In other words, 

this means that the shoulder-like structure at around - 13Kz in the line shape is 

not clearly observed under the condition oft- T1 5, and that the very fact shown 

in Fig. 5-15(a) eviden ces the validity of the obtained value of a'Pin (= 

I 3Aisospin;l 3Aaxspin). 

Without the anisotropy in 13Aispin, on the other hand, it would be correct to 

assign the NMR shift of the main peak(== l 3K y) and the sub peak(== 13Kz) to two 

independent symmetrical lines coming from inequivalent sites, and the peak 

separation to 13K/pin - 13Kzsp in and/or to l3K/'b - 13Kzorb. It is found that the 

separation results from I3K/pin- 13Kzspin rather than l3Kyorb- l3Kz orb, since the 

reduction in 13Ky - l 3Kz below Tc is quite different from that above Tc, as is 

seen from Fig. 5-4. In this case, following the derivation of 13Aisospin;13Aaxspin 

based on the 13Kiso vs. 13Kax plot, we obtained 13Kzspin; 13K/pin = 5 ± 2, hence 

y 1main; y 1sub = 25 ± 15. The mode l of two independent symmetrical lines 

unambiguously gives the t dependence of the intensity ratio rsub/ma i"(t) of the 
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sub peak to the main peak, because of their single-exponential recoveries. As 

shown at the bottom of Table 5-II, the estimated rsub/main(l) value depends on t 

more prominently than the rPowdcr(t) value does. Moreover, this model clearly 

contradicts the recovery data (shown in Fig. 5-8) that the fraction of T1s is 0.67, 

because the integrated intensity of the sub peak, which would correspond to the 

fraction ofT 15 in this model, is no more than 0.3. 

Therefore, we can conclude that only models assuming the anisotropic 13Ai can 

reproduce the spectra . 

§S-3-B. Analyses of 13C NMR T1 

First let us discuss the relaxation results above Tc, on which the analyses 

below Tc are based. As shown in Fig. 5-9, T1T is constant with in the acceptable 

error range. This is consistent with other NMR results [Holczer eta!., 1993; 

Maniwa eta!., 1992b] and it is likely that a Korringa relation holds for the 13C 

nuclei . However, as mentioned in Chapter 2, the constancy of T1 T does not 

always mean a Korringa relation. The modified Korringa relation, which treats 

the electron interaction within the random phase approximation (RPA), is 

described as 

(5-20) 

where Sis the Korringa constant (for 13C nucleus, 13S = 4.34x 10-{i Ks), K(a) is 

a factor representing the electron interaction [Korringa, 1950; Moriya, 1963]. 

Since the 13C nuclear spin (1 3/) is 1/2, it is expected that the nuclear magnetization 

recovery P(t) = 1 - M(t)!Mo (where Mo = M( =)) shows a single exponen tial time 

evolution in principle, and thus the unique value of T1 is defined unambiguously. 

The modified Korringa re lation is verified by the T-independent values of 

T1 T(Kisospin) 2 (but not T1T). In our case, however, since the P(t) showed non-single 

exponential recoveries (NSER), Eq (5-20) cannot be app lied. It is tempting to 

ascribe the NSER to some experimental artifacts such as the ex istence of an 

extrinsic phase in the sample, or insufficient irradiation of RF pulses. However, 
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these are unlikely, since the former possibility is denied by the T-independent 

recovery shapes below 55 K (including those below Tc), and the latter is denied 

by the fact that, as mentioned in Section 4-3, the value of H 1 is confirmed to be 

larger than the width of overall line shapes. We could decompose the NSER 

data into an exponential function with more than two components. However, 

the T independences of Fsl FL and TtL /Tts indicate that the 2-exponential 

decomposition is sufficient to describe the essential feature of the NSER curve. 

Since we found that the random distribution of the planar segments (hence the 

distribution of the anisotropic hyperfine coupling (AHC) of 13A;) with respect to 

the external field Ho causes the asymmetric 13C NMR powder patterns, it is 

d d. 'b · f 13A spin In expected that the NSER is also caused by the ran om tstn utwn o i . 

this case, it is naturally concluded that, even in the case of I= 112, the recovery 

P(t) does not follow a single-exponential tin1e evolution in principle. As mentioned 

in Section 2-3, the modified Korringa relation Eq. (5-20) is extended to the 

formula as [Kawamoto et al., 1995a] 

(5-21) 

In the absence of anisotropy in the hyperfine couplings (i.e., A aipin = 0 and T 1 s 

= T 1), the extended relation (5-21) is reduced to the conventional formula Eq. 

(5-20). Using the values of l3Kisospin, T1 5, and Eq. (5-5), it is found that 

T1ST(Kisospinp is almost T independent with 

K(a) = 5.7 ±1.0 > 1, (5-22) 

for Tc < T <55 K. Equation (5-22) means that the relaxation is enhanced to that 

of independent electrons, and that the susceptibility X(q) of K3C6o is enhanced 

antiferromagnetically at the finite wave vector q = Q. This is consistent with 

other results: the Coulomb interaction on the C6o molecule is found to be 1.6 

±0.2eV, according to the Auger spectrum [Lof eta/., 1992], whereas the calculated 

bandwidth is 0.4- 0.6 eV [Erwin and Picket, 1991] for K3C6o- Nevertheless, 

the electron interaction is treated within the RPA because of the validity of the 

Korringa relation at Tc < T <55 K. 
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Since the Korringa relation is found to hold above Tc, we can safely 

analyze the results below Tc. Although no clear-cut coherence peak is observed, 

the gradual decrease in l1T1T with decreasing Tis consistent with BCS s-wave 

pairing. In order to obtain more detailed parameters, we fit the data using the 

following conventional formula: 

(
1 

I Tt)s = 2 f oo {N~(E) + M~(E) }(- CJf(E) )dE, (5-23) 
(1 I Tl)N d(T) CJE 

where N s(E) is the BCS superconducting density of states, M s(E) is the so-called 

anomalous density of states arising from the BCS coherence factor, andf(E) is 

the Fermi distribution function. We first employ the Dynes' density of states 

[Dynes et a/., 1978] with the phenomenological parameters of the broadening 

due to the lifetime of the thermally-activated quasi particles and the 

superconducting gap 2t1(0)1ksTc. We assumed BCS-type T dependence on t1(T). 

However, we could obtain no satisfactory fittings with these densities of states. 

Instead, we found that a more accurate treatment of the density of states, based 

on the Eliashberg equation, could reproduce our experimental data. Nakamura 

eta/. calculated the NMR relaxation rate [Nakamura eta/., 1993] using model 

a2F(w) spectra, which predicts the correct Tc value. The spectra and the 

corresponding calculated results are shown in Fig. 5-16 from the reference. The 

theoretical curve based on their "model C" is found to be quite satisfactory 

(solid lines in Fig. 5-9). Its a2F(w) ranges from 0 to 60 meV and has two peaks 

at 43 meV and 48 meV. The obtained £1(0) is 3.52 meV, hence 2t1(0)1ksTc = 
4.3. Therefore, our results show that the superconductivity of K3C6o is well 

explained as a conventional s-wave superconductor in the strong coupling regime. 

Strong coupling suggests the importance of the low-frequency (that is, inter­

molecular or intra-molecular radial) phonons rather than the high-frequency 

(that is, intra-molecular tangential) phonons. However, we do not exclude the 

possibility that a theory in the weak coupling regime, if any, can reproduce our 

data. In the case of weak coupling, the characteristic phonon frequency [Prassides 

eta/., 1991] should be comparable to the bandwidth [Erwin and Picket, 1991] 
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of K3C6o. which invalidates the condition on which Migdal's approximation is 

based. Therefore, a theory in the weak coupling regime, which fully renormalizes 

the vertices, is expected to be developed. 

§S-3-C. Discussions on 13(: NMR Study 

§5-3-Cl. Origin of the non-single exponential recovery (NSER) --­

anisotropic hyperfine coupling (AHC) vs. local density of states (LDOS) 

In Section 5-3-A , we have shown that the asymmetric 13C NMR line 

shapes are reproduced by the powder patterns which result from random 

distribution of the "p lanar segments" whose hyperfine couplings I3A; (not only 

13A;spin but also I3A;0 'b) are anisotropic. On the other hand , contrary to the 

expectation for 13C nucleus (! = 1/2), we observed that the T1-recovery processes 

show non-single exponential recoveries (NSER). In Section 5-3-B, we found 

that the NSER are scaled to an identical shape above and below Tc, the feature 

of which is well reproduced empirically by Eq. (5-2), 2-exponential fitting. 

However, to be consistent with the analysis on the asymmetric line shapes, we 

need to discuss whether or not the observed NSER can be reproduced by the 

value of 13A;50spinjl3Aaxspin (= 0.78 ±0.1) obtained from the spectra. 

The origin of the NSER for the I3C nuclei of K3C6o in the presence of anisotropic 

hyperfine coupling (AHC) I3A,spin is qualitatively understood as follows. Owing 

to Eq. (5-15b) and for simplicity, we regard the Knight shifts as axially symmetric 

(i.e ., 13K}Pin = 13K/pin = I3Kxt/pin) for the "planar segment" (Fig. 5-3). In this 

case, as mentioned in Chapter 2, the anisotropy in I3A;spin results in the difference 

between (TI)z and (TJ)xfy, as well as that between 13K,spin and l3Kxt/pin_ Since a 

planar segment in the C60 molecules has random direction with respect to Ho by 

nature (Fig. 5-2). the observed relaxation process, which is the spacial average 

on (TI)z and (TI)xfy, shows the NSER. 

Specifically, the NSER are simulated as follow s. Since the T1-recovery of a 

planar segment shown in Fig. 5-3 follows a single-exponential time evolution 
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exp[-t/T1(8, ¢)],where the T1(8, ¢)value is given by Eq. (5-16), it is the spatial 

average on the orientation of Ho (hence on the values of e and ¢) that causes the 

NSER. Equation (5-18) is needed to normalize the t values to the T,s. It is to be 

noted that, in this simulation, a recovery shape depends only on the value of 

(iiPin ( = Aisospin /Aaxspin). In Fig. 5-17, we show the simulated recovery curve for 

a spin= 0.78, along with typical recovery data above and below Tc. The figure 

shows that the simulated curve well reproduces the recovery data and that the 

2-exponential fitting in Section 5-2, which was found to empirically reproduce 

the identical recovery shape, can be regarded as a good approximation for the 

present simulation. Therefore, we have proved that the random distribution of 

the "planar segments" with AHC causes both the asymmetric NMR line shapes 

(Section 5-3-A) and the NSER. In other words, we found that the parameter of 

(iiPin, which was derived from the analysis on the line shapes, reproduces the 

shape of the T,-recovery processes successfully as well. 

As mentioned in Section 3-1, Holczer et al. first proposed that the NSER 

should be ascribed to the existence of inequivalent carbon sites (ICS) [Holczer 

et al ., 1993]. It is known that three crystallographic ICS would exist in A3C6o if 

the orientations of the C60 molecules were completely ordered at low T; all of 

the four C6o molecules, which form a tetrahedron with its center of gravity 

occupied by an alkali ion (denoted as "T-si te"), face their hexagons to the 

T -site. Assuming this orientational order, Antropov et al. have shown by 

calculation using the local density approximation (LDA) that three ICS do have 

different local dens ity of states (LDOS) [Antropov et al., 1993], which results in 

the presence of the NSER [Holczer et al., 1993] . From an experimental viewpoint, 

Maniwa et al. argured later that the contribution of the LDOS due to the ICS 

was found to be indispensable to reproduce the observed NESR [Maniwa et al., 

1994] . Their argument was based on the logic that the observed recovery data 

was so dev iated from the single-exponential function that even purely dipolar 

hyperfine field (i .e., (iiPin = Aisospin/Aaxspin = 0) is insufficient to account for the 
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Non-single exponential recovery processes of the 13C NMR at typical 
low T (<55 K). The time after saturation (1) is normalized by the value of 
T,5, where T,5 is given by the initial slope of the data. 

Open diamonds represent the data at 35.3 K (> Tc), open circles at 
16.2 K (< Tc), and closed ci rcles at 12.5 K (< Tc). The data at low Tare 
scaled to the same recovery shape above and below Tc, as already shown by 
Fig. 5-7 and Fig. 5-8. 

The broken curve stands for the 2-exponential fitting (Eq. (5-2)), which 
reproduced Ihe recovery shape empirically, as already illustrated in Fig. 5-7 
and Fig. 5-8. The sohd curve stands for the simulation based on the anisotropy 
In 13A;'P'". It should be noted that no adjusiable parameiers are used in this 
simulation, since the value of a spin (= 13A;,0 spin/13A,.spin) is obtained from 
only the ana lysis of the spectra. The empirical 2-exponential fitti ng is found 
to be a good approxima1ion of this simulation. 
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NSER. 
However, from the following reasons, we can conclude that the contribution of 

the LDOS to the NSER is negligible and that the electronic states of the 60 

carbon sites of a C6o molecule are effectively equivalent despite the presence of 

ICS when the molecular motion is frozen. 

First, one of the theoretical predictions by Antropov eta/. that 
13

Aaxspin dominates 

to the value of 1{fi (82 %) clearly contradicts our experimental result (38 %) , 

as mentioned in Section 5-3-A. Second, as will be discussed in Chapter 6, the 

39K NMR study reveals that the orientations of the molecules are incompletely 

ordered below -100 K. This means that the ICS at low T are more than three. 

Consequently, it is physically misleading to decompose the NSER into a 3-

exponential function. Third , it is to be noted that the argument by Maniwa eta/. 

assumes implicitly that the deviation from a single-exponential function is the 

largest when the hyperfine coupling is purely anisotropic (in the case of dpin = 

0). However, as shown in Fig. 5-18 , this assumption is found to be incorrect, 

but instead, the deviation is larger when the hyperfine coupling is substantially 

isotropic (i.e., Aisospin/Aaxspin"' 0.5) for 0.01 < P(t) < 1. Thus, it is found that 

their argument is phys ically misleading. Fourth, it is also to be noted that our 

model (i.e ., the random distribution of a planar segment) assumes only the AHC 

of carbon sites with uniform density of states but not the LDOS due to the ICS. 

The very fact that, both d1e asymmetric line shapes and the NSER are successfully 

reproduced by our model, means that the AHC is the main origin of the NSER, 

and that the electronic states of the 60 carbon sites are found to be equivalent to 

a good approximation. 

Finally in this section , we discuss the so-called "stretched exponential" 

fitting which was done by Tycko et a/. and Stenger et a/. for the 
1
3C NSER 

[Tycko et a/., 1992; Stenger eta/., 1995] . It is expressed as 

P(t) = 1- M(t)/Mo = exp[-(t/T1)1l], 

where M(t) (Mo) is the nuclear magnetization at timet after saturation (at 
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thermal equilibrium) , and f3 is a parameter (less than unity) wh ich empirically 

characterizes the deviation from the single-exponential function: the smaller the 

value of f3 than unity, the more the recovery data deviates from the single­

exponential time evolution . Stenger et al. argue that all their 13(: recovery data 

(1 0 K < T < 500 K) are well fitted by the stretched exponential functions with f3 
= 0.85 (which is T independent), and regard the anisotropic 13Aaxspin as the 

origin of the NSER [Stenger et al., 1995]. We attempted to fit our recovery data 

by the stretched exponential functions. As typically shown in Fig. 5-19, the data 

at all T <55 K are insufficiently reproduced by the stretched exponential fittings: 

specifically, where the nuclear spins recover more than 90% (i.e., P(t) < 0.1), 

the real nuclear spins relax slower than the stretched exponential curves. Moreover, 

the value of f3 is found to be 0.79 ± 0.02 in our case, which is smaller than that 

([3 = 0.85) by Stenger et al. and Tycko et al .. We have no way to make clear the 

origin of this discrepancy because their recovery data are not published. In 

addi tion, it is to be noted that their recovery data at high T (-300 K > Trotation) 

are reported to be NSER as well as those at low T. As Fig. 5-10 shows , our 

finding clearly contradicts their report and agrees to the report by Holczer et al. 

where the T dependence of the recovery shape is extensively studied for 8 K::; T 

::; 300 K [Holczer et al.; 1993] . Here we point out again that both our single­

exponential recovery data (Fig. 5-10) and our symmetrical line shapes (Fig. 

5-1) at T > Trmation are explained by the absence of the AHC as a result of the 

isotropic molecular motion . 

§S-3-C2. Validity of the Korringa relation ---Up to room T 

In Section 5-3-B, we concluded that the extended Korringa relation holds 

in the normal state from the T independence of T1 ST(Kisospin) 2, or equivalently, 

from the fact that both .tpin(T) and T1 Tare almost T independent below T < 55 

K. Strictly speaking, however, the ir T independences are not true in the entire T 

range , since, with decreasing T below room T, not only 13K;spin(T) (as 
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As already shown in Fig. 5-17, the 13C NMR spin-lattice relaxation 
data at low T (<55 K) are found to be well reproduced by the simulation 
(the broken curve) for a powder sample in the case of aspin = 0.78. 

For the non-single exponential relaxation data, Tycko eta/. and Stenger 
et a/. argued that they were fitted by the so-called "stretched exponential" 
function given by Eq. (5-24). However, the stretched exponential function 
(the solid curve) does not reproduce the relaxation data satisfactorily: the 
stretched exponential fitting clearly fails for 0.1 > P(t ) > 0.01 although the 
fitting reproduces the data only for 1 > P(t) > 0.1. 
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mentioned in Secti on 5-3-A) but also 1/(TJD decreases [Tycko eta!., 1992; 

Kiefl eta!. , 1993; Stenger eta!. , 1995]. In Fig. 5-20, in addition to the values of 

l/(T1 5D at T < 55 K (where the magnetization P(t) follows the NSER), we 

show three values of 1/(TJ D at 300 K :<:; T :<:; 320 K (where the P(t) follows a 

single-exponential function) . Apparently, the values of 1/(TJ T) at high T (~ 300 

K) are almost equal to those of 1/(TJ5D at low T (< 55 K). However, it is not 

appropriate to interpret that the values of l/(T1 5T) at low T is extrapolated to 

those of 1/(TJD at high T with increasing T, since the electronic properties 

probed by the 13C NMR above Trmation is different from those below Trotation­

Above Trmation, the anisotropy in I3K; is not observable: I3Kaxspin "'0, 13Kaxorb"' 

0 (hence 13Kax "' 0), because the correlation rate ll'rM of the C6o molecular 

motion is faster than the difference in the NMR frequency (13Kx - 13Kz) which 

would become finite if the motion were sufficiently slow. Indeed, the relation 
13Kax"' 0 naturally explains the symmetrical line shapes (Section 5-1), and the 

relation I3Kaxspin"' 0 leads to the single-exponential recovery of P(t). In other 

words, at T > Trotation. the modified Korringa relation (Eq. (5-20)) is expected to 

hold as 

(forT> Trotation). (5-20) 

On the contrary, at T < Trmation. since the correlation rate ll'rM is slower than 

the difference in the NMR frequency (1 3Kx - 13Kz), the anisotropy in 13K; is 

observable. In this case, as already discussed in Section 5-3-B, the modified 

Korringa relation is extended as 

(forT< Trmation). (5-21) 

where 

(5-25) 

The Dax value parameterizes the AHC: if the hyperfine coupling is purely 

isotropic (Aaxspin = 0), the Dax value is equal to unity. The larger the anisotropy, 

the larger the va lue of Dax than unity. Here we define the va lue of (TJ)iso wh ich 

is " renormalized" by the parameter Dax as 
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T dependence of the 13C-NMR 1/(T tT) in the normal state at both low 
T (<55 K) and high T (= 300, 310, and 320 K). At low T where the 
relaxation data show non-single exponential recoveries , the values of 
1/(TtT) are represented by Tt5 and T1L, which is defined by the initial 
and the " final" slope in the recovery data, respectively (Eq. (5-2)) . At 
high T, the Tt values are unambiguously defined owing to the single­
exponential recoveries. 

It is tempting to argue that the values of Tts at low Tare extrapolated 
to the Tt values at high T. However, in Section 5-3-C2, this interpretation 
is found to be physically incorrect. 
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(Tt )iso = T,sDax- (5-26) 

Then, the extended Korringa relation (5-21) is expressed as 

(Tt )isoT(Kisospin)Z = S/K(a) (forT< Trmation). (5-27) 

The value of D ax in Eq. (5-25) is obtained by assuming axial A,spin: Ax spin = 

A/pin. In the general case of Aipin c# A/pin, the parameter for anisotropy Dax is 

modified to [Kawamoto et al., 1995b] 

Dax = 1 + (2/3)[(Aax. }Pin)Z + (Aax.xspin)(Aax, /pin) + (Aax,ipin)2]/[Aisospin] 2, 

(5-28) 

In the case of Aax.xspin = Aax,/pin, this formula is reduced to the axial representation 

of Eq. (5-25). Hereafter, in order to discuss quantitatively the extended Korringa 

relation of Eqs. (5-26) and (5-27) forT< Trmation, we use the general formula of 

Eq. (5-28) instead of Eq. (5-25) for the renormalization factor Dax-

With the values of 13K;spin shown in Fig. 5-11, which are found to be reliable 

owing to the negligible value of 13(&-J /H) (Eq. (5-8)), we can now obtain the 

general value of D ax from Eq. (5-28) . In Fig. 5-21, we show the T dependence 

of the values of 1/[(Tt)isoTl for T < Trotation, which are obtained from Eq. 

(5-26). For T > Trotation, we show the unambiguous value of 1/(TtT) at 300 K 

owing to the single-exponential function of P(t) and 13Kaxspin(T) "' 0. For 

comparison, the values of 1/[(Tt \son at low Tare normalized to the value of 

1/(TtT) at 300 K. In the figure, the T dependences of [13Kisospin(1)] 1 and 

[ 13Kisospin(T)] 2 are also plotted . The values of [13Kisospin(T)] 1 and [13Kisospin(T)]2 

are both normalized to those at 300 K. The figure shows that l/[(T1)ison has the 

same T dependence as [ 13Kisospin(T)]2, not as [13Kisospin(T)] 1• In addition, the 

upper of Fig. 5-22 shows that the value of (Tt)isoT[13Kisospin(T)]2 is T independent 

whereas the value of (Tt )isoT[ 13Kisospin(T)] 1 is substantially T dependent. The 

lower of the figure shows that 1/[(Tt)ison is proportional to [13Kisospin(T)]2 not 

to [13Kisospin(1)] 1• Therefore, we have confirmed that the extended Korringa 

relation holds for the e lectronic normal states of K 3C6o above and below Trotation· 
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Values of ( 13Kiso'Pin)2 (open circles) and (13Kiso'Pin) 1 (open squares), 
both of which are normalized to those at high T (= 300 K), are plotted as 
a function ofT, where 13Kisospin is the isotrop ic part of the Knight shift. 
Also plotted are the values of 1/((T lliso71 (shown by closed diamonds) at 
low T (< 55 K) and the value of 1/(TtD at high T (= 300 K) , where 
(Tt)iso represents the Tt value renormalized by the anisotropy in the 
hyperfine couplings. The 1/((T!)isoTJ values at low Tare normalized by 
the 1/(TtD value at 300 K. 

This figure indicates that the extended Korringa relation holds up to 
room T, where both the anisotropy in the hyperfine couplings and the T 
dependence of the density of states are taken into account, since the 
l/[(Tt)iso71 has the same Tdependence as (13Kisospin)2, not as (13Kisospin)l 
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Upper: values of [(TI)i50T(l3Kiso'Pin) 1] (open circles) and [(TI)i50T(l3Kiso'Pin)2] 
(closed circles), both of which are normalized 10 those at high T (= 300 K), are 
plotted as a function ofT, where (Ttliso represents the T1 value renormalized by the 
anisotropy in the hyperfi ne couplings and 13Kisospin is the isotropic pan of the Knight 
shift. Solid and broken line is an eye-guide. 

Lower: values of l/[(TI)iso 71 at low T, which are normalized to the 1/(TIT) value 
at 300 K, are plotted as a function of [13Kisospinj at 300 K] 2 with T as an implicit 
parameter. Solid line is the eye-guide obtained by least-squares fitting. It is found 
that the reduction of the value of l/[(Ttliso71 is proportional 10 the decrease in the 
value of [No(T)]2, owing to the validity of the extended Korringa relation (upper 
figure and Fig. 5-21 ). 
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Moreover, this proves the validity of the assumption that the decreases in the 

observed NMR shift 13K; are caused by the T-dependent Knight shift 13K,5 Pi11 (T) 

(equivalently, the T-dependent Xspin(T)). In this picture, the decrease in 1/((TI)ison 

with decreasing Tis well expla ined by the reduction in the density of states at 

the chemical potential No(T). It should be noted that these results are sharply 

different from the results of the no_ and 89y -NMR in the cuprate oxide 

superconductors of YBa2Cu306+x [Pennington and Slichter, 1990; Yoshinari et 

a!. , 1990]. In the case of the cuprate oxides, the apparent T independence of T1 T 

fo r the 170 NMR of planar oxygen in YBa2Cu306.9 does not mean a Korringa 

relation, since it is not TtT(Kisospin)2 but TtT(Kisospin)l that is T independent for 

YBa2Cu306+x (x = 0.6- 0.9) [Yoshinari eta!., 1990]. 

From Eqs. (5-20), (5-27), and the relation of 13Kisospin(T) oc _rpin(T) oc 

No(T), we obtain 

No(Tc)!No(300 K) = 0.55 ±0.08. (5-29) 

It should be noted that such a large dependence of No on T is not reproduced by 

only the the rmal contraction of the lattice distance [Fleming eta!., 1991; Spam 

eta!., 1991]. but should be resultant from the effect of the narrow band. As is 

seen from Fig. 1-2, substantial T dependence is expected for the value of No(T), 

since No(T) represents the density of states at the T-dependent chemical potential 

(not at the Fermi energy) in general. Therefore, we believe that this result of Eq . 

(5-29) w ill be an experimental constraint on theo retical predictions, such as 

band calculation. 

Since we fou nd that the extended Korringa relation holds above and 

be low Trmation. we can obtain the K(CX)nonax value using the general formula of 

Eq. (5-28) for the renormalization factor Dax , instead of the axial formula of 

Eq. (5-25). The T dependences of both K(cx)nonax (using Eq. (5-28)) and K(cx)uniax 

(using Eq . (5-25)) are shown in Fig. 5-23 . The T-independent and large value of 

K(cx)n0 11ax (= 7.4 ±1.2 > 1) verifies that the electronic system of the normal state 

is well described by the Fem1 i-l iquid picture above and below Trmation. where 
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T dependences of the values of K(a)nonax and K(a)uniax, both of which are given 
by the modified Korringa relation of Eq. (5-20) at high T (= 300 K > Trotation) and 
by the extended Korringa relation ofEq. (5-21) at low T (<55 K < Trotation). 

At low T, the value of K(a)nonax (K(a)uniax) is obtained using the renorrnalization 
factor D ax . which is expressed by Eq. (5-28) (by Eq .. <5-25)), in the presence (the 
absence) of the in-plane anisotropy of 13Kx'P'" ~ 13Ky'P'". Both the solid line and the 
broken curve are obtained by least-squares fitting. 

The T independence of K(a)nonax above and below Trotation. which is larger than 
unity , indicates that the electronic system of K3C6o behaves as a Fermi liquid where 
the amiferromagnetic electron interaction can be treated wilhinthe RPA up to 300 K. 
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the antiferromagnetic electron interaction is treated within the RPA. Although 

this picture was already derived in Section 5-3-B only for T < 55 K < Trmation 

with the use of axial Dax. it should be noted that, quite generally, the Korringa 

relation does not h old any more at elevated T for the e lectronic system where 

the anti ferromagnetic inte raction could be treated within the RPA at low T ( < 

300 K). This is because, as Moriya and Kawabata showed [Moriya and Kawabata, 

1973], the interaction of spin-density fluctuation between different wave-vector 

q ("mode-mode coupling"), which was ignored by the RP A, should be taken 

into account self-consistently at high T. Therefo re , this is the first time, to the 

knowledge of the author, that the Korringa relation holds up to room T with the 

K(a.) value being enhanced. Indeed, in the case of BEDT-TTF superconductors, 

the 13(: NMR study revealed that the Korringa relation does not hold but thei r 

11T1T (oc _I,q[X"(q,UJo)IUJo]) shows a Curie-Weiss-like T dependence with K(a.) 

> 10 [Kawamoto et al., 1995a]. The comparison on the electronic sates of 

K3C60 and the BEDT-TTF superconductors [Kawamoto et al., 1995; Mayaffre 

et al., 1995] are shown in Table 5-III. 

Table 5-ITI 

K 3C60 1(-(BEDT-TTF)zX 

[present study] [Kawamoto e1 a/.; 
Mayaffre e1 a/.] 

coherence peak present absent 

[T17l-1 (T < Tc) BCS s-wave T3- law (d-wave?) 

extended Korringa Curie-Weiss-like 
[TtTJ-1 (T> Tc) [(Tt)isoT(Kisospin)2 =canst.] [C! [T + 8]] 

up to 300 K spin gap (?) above T c 

K(a.) 7.4 ± 1.2 < 10 > 10 
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Chapter 6. 39K NMR Study 

§6-1. Static Properties--- Results of 39K NMR Spectra 
39K NMR spectra at typical T (for Tc < T < 300 K) are shown in Fig. 6-1. 

The NMR shift is defined as the difference in the frequency between the 39K 

NMR signal of the K3C6o sample and that of the liquid KF at room T. 

Below room T, two symmetrical lines are observed down to about 100 K (denoted 

as T*). The higher (lower) NMR frequency, denoted as 39KT (39Ko), is assigned 

to two tetrahedral (T) (one octahedral (0)) potassium sites which are intercalated 

per unit C6Q, since the intensity of the T-line is about twice as that of the 0-line. 

ForT> T*, the two lines are well reproduced by least squares fitting with two 

Gaussian or Lorentzian lines . Although no substantial differences in the 

reproducibility were observed between the two fittings, the Gaussian (Lorentzian) 

ones were slightly better at higher (lower) T. It is to be noted that, despite the 

finite electric quadrupole moment (39Q) of the 39K nucleus (39Q = O.llx I0-24 

cm2, which is comparable to the quadrupole moment of the copper nucleus 

63/65Q of 0.15/0.16 X I0-24 cm2), no quadrupole splittings were observed for 

both the T- and 0-lines within the resolution of the present study. This means 

that the electric field gradient at both the T- and 0-sites is too small to be 

observed (close to zero), due to the high symmetries of the both sites. Below 

T* , an additional line (which we denote as T' -line) starts to appear whose NMR 

frequency and width are larger than those of the T-lines. With decreasing T (-

60 K < T < T*), the intensity of the T' -line increases whereas that of the T-line 

decreases. However, the sum of the intensity of the T- and T' -lines is roughly 

twice as the intensity of the 0-line for Tc < T < T*. The similar behaviors for 

the additional T' -line are also observed in the 87Rb NMR spectra in Rb3C6o 

[WaJstedt et al., 1993] . In their study, they revealed that the T'-sites are connected 

to the T-sites using the spin echo double resonance (SEDOR) technique, in 
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Open circles show the 39K NMR spectra of our superconducting 
fulleride K3C6o (fc = 19.4 K) at typical T ( Tc < T < 300 K) under a static 
magnetic field of7 .06 tes la. 

Two symmetrical lines are observed down to -100 K (= T*) . From 
the intensity ratio of 2 to I , the higher and lower peak frequency, denoted as 
39KT and 9Ko. is assigned to the T- and 0-site potassiums. Below T*, an 
additional line at - 50 ppm (denoted as T' -line) starts to grow whereas the 
T-line intensity decreases . As shown by the solid curves, the spectra are 
fitted by two (three) Gaussians or Lorentzian s above T* (below T*). Note 
that no quadrupole-split lines are observed. 
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addition to the relationship for the intensity of the T-, T' -,and 0-lines. Thus, it 

is very likely to conclude that the T' -line for the K3C6o at T < T* comes from 

the T-line above T* Below T*, the observed overall line shapes were well 

reproduced by least squares fitting with three Gaussian or Lorentzian lines . As 

in the case of T > T*, no substantial differences were observed between the 

Gaussians and the Lorentzians for Tc < T < T*. 

In Fig. 6-2, we show the T dependences of 39KT, 39Ko, 39KT', and the 

half-widths at half-maximum (HWHM) of the T-, 0-lines. With decreasing T, 

both 39KT and 39Ko decrease with small step-like reductions at about 235 K (= 

Trotation). As mentioned in the previous chapter, the decreases in the NMR shifts 

are also obse rved in the case of the 13C NMR and found to be due to the 

decreases in the Knight shifts (13Kispin) instead of the chemical shifts (13K,orb). 

Since the relationship of 13Kispin oc ;tpin oc 39KT;dpin (=the Knight shift at the 

potass ium T- and 0-sites) holds, it is expected that 39KT/o and 13Ki have the 

same T dependence if the chemical shifts at the potassium sites (39KT/Oorb) is T 

independent, as in the case of i3Kprb. As shown in Fig. 6-3(a), this is actually 

observed in the 39 KT versus 13K;50 plot, although the values are rather scattered 

mainly due to the slight T dependence of the 13K;50 . Moreover, as shown in Fig. 

6-3(b) , 39KT and 39Ko have the same T dependence. These two facts mean that, 

as in the case of 13Ki, 39K T/Oorb is T independent and the T dependence of 

39KT;o is due to 39KT;dpin_ 

With decreasing T, the widths of the T- and 0-lines (denoted as 39rT, 39r 0 , 

respectively) increase at about 235 K (= Trotation). However, below Trotation, no 

substantial line broadenings were observed within the error ranges of the 

experimental data and of the decomposing process. As is seen from Fig. 6-1, it 

is true that the width of the overall line shape gets broader below T* . However, 

by decompos ing the rather complex spectrum into three Gaussians or Lorentzians, 

it is found that neither 39 TT nor 39 To gets larger. Instead, it is the width of the 

T ' -line that causes the increase in the width of the overall line shape. The rather 
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T dependences of the 39K NMR shifts for the T-, 0- and T' -lines 
(denoted as 39KT, 9Ko, and 39KT') are shown by open circles, open squares, 
and closed circles, respec tively. Both 39KT and 39Ko decrease linear in T 
with no anomalies down to Tc, except the small step-like reductions at 
Trotation- Two sol id lines for the 39KT and 39Ko are obtained by the least-squares 
fitting for the data below Trota tion -

T dependences of the half-widths at half-maximum (HWHM) for the 

T- and 0-lines (denoted as 39rT and 39r o) are shown by open circles and 
open squares (the sizes of which are smaller than those of 39KT and 39Ko). 

respectively. Broken line for the 39 rT is obtained by least-squares fitting for 

the data below Trototion- Except fo r the increases at Trotation, both 39r T and 
39 ro are almost T independent below Trotation-
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Fig. 6-3 
(a) 39K NMR shift for the T-line (39KT) is plotted as a function of 

isotropic part of the 13C NMR shifts ( 13Kiso) with T as an implicit parameter. 
Both 39KT and I3Kiso have the same T dependence although the values of 
13Kiso are rather scattered due to their smaller dependence on T. 

(b) 39KT is plotted as a function of 39Ko (the NMR shifts for the 0-line) 
with T as an implicit parameter. Both 39KT and 39Ko have the same T 
dependence . 
In both figures , only the data are for T < Trotation are shown and the solid 
lines are obtained by least-squares fitting . 
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larger scatterings in the data of 39KT, 39K0 , 39rT and 39r0 below P come from 

the ambiguities in the process of decomposing since the intensity of the T-line 

decreases and the width of the T' -line increases. 

§6-2. Analyses and Discussions on 39K NMR Study 

First, we discuss the T dependences of 39KT and 39Ko . Unlike the case of 

13C nucleus, we take into account of only isotropic hyperfine couplings (39AT;o) 

for the 39K NMR shifts. In general, they are expressed as 

39 Kk(T) = 39 Kkspin(T) + 39 Kkorb(7), 

39 Kkspin(T) = 39Akspinxspin(7), 

39Kkorb(T) = 39Ak vvXvv(7) + 39Akcorerore. (k =T-or 0-sites) 

As is common, 39 Kkorb is considered to beT independent since the T dependence 

of chemical shift is ordinarily of the order of 1 ppm in the T range of the present 

study. However, we need to examine the T independences of 39Kkorb 

experimentally, because the lattice contraction can possibly change the valence 

states of the potassium ions and cause the T-dependent 39Kkorb. First, it should 

be noted that, as proved in the previous chapter, the T dependence of 13K; is 

ascribed to the Knight shifts 13K;spin (hence the T-dependent _tPin(T)), and that 

the chemical shifts 13K;orb are Tindependent, namely, 

13K;(T) = 13K
1
$pin(7) + 13K;orb, 

(i = x, y, z, iso, ax). 

(6-la) 

(6-lb) 

Second, Fig. 6-3(a) shows that 39KT has the same T dependence as 13K;50 . 

Therefore, it is concluded that, also at the potassium sites, the chemical shifts 

39 Kkorb are T independent and the T dependence of 39Kk comes from xspin(T), 

that is, 

39Kk(T) = 39Kkspin(T) + 39Kkorb, 

39Kkspin(T) = 39Akspinxspin(7), 

39Kkorb = 39Ak vvXvv + 39Akcorcrore 

(6-2a) 

(6-2b) 

(k =T-or 0-sites) (6-2c) 

As shown in Fig. 6-2, for Tc < T < Trotation, both 39KT and 39Ko are well 

99 



reproduced by T-linear relations (the solid lines in the figure) as 

39Kr(T) = -60.8 + 0.189T, 

39Ko(D = -142.5 + 0.235T, (Tc < T < Trotation) 

§6-2. 

(6-3a) 

(6-3b) 

where the units are in ppm. This means that the increase in _tPincn is approximately 

proportional to T. This was not deduced from the analyses of 13K; because of 

their smaller T dependences than 39Kk. 

The slope in Fig. 6-3(a) gives the ratio of the isotropic hyperfine coupling at the 

potassium T -sites to that at the carbon sites as 

39Arpin I 13Aisospin = 2.46 ± 0.45. (6-4a) 

On the other hand, from the slope in Fig. 6-3(b), we obtain the ratio of the 

isotropic hyperfine cou pling at the potassium T-sites to that at the 0-sites as 

39 Arpin 1 39Adpin = 0 .80 ± 0.15. (6-4b) 

Eqs. (6-2) and (6-3) give 

[39Kk(Tc) _ 39Kkorb] 1 [39Kk(300 K) _ 39Kkorb] = xspin(Tc) f Xspin(300 K). (6-5) 

Since the right-side of Eq. (6-5) is given from the 13C NMR study as 

Xspin(Tc) I Xspin(300 K) = 13K,spin(Tc) I 13K,spin(300 K) = 0.55 ± 0.08, (5-29) 

we obtain the chemical shifts at the potassium sites as 

39KTorb = -121 ± 10 ppm, 

39K0 orb = -218 ± 15 ppm. 

(6-6a) 

(6-6b) 

It is desirable to obtain the chemical shifts directly from 39K NMR spectra well 

below Tc . However, since the SIN of the 39K NMR signal was poorer and their 

spin-lattice relaxation time was longer by about ten times than the case of 13C 

NMR, it would have taken too much time to obtain the 39K NMR spectra, thus 

it would not be practical. Therefo re, we did not go so far as to perform the 

measurements but obtained Eq. (6-6) from the analysis. 

Second, we discuss the origin of the additional T ' -line. 

The first picture to be considered is that the T' -sites is displaced from the exact 

center of the gravity of the tetrahedron formed by the C6o molecules (T-sites). 

The deviation from the T-sites produces a finite value of the electric field 
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gradient (EFG) at the T' -sites, hence the difference in the NMR shift. In this 

case, since the T'-line appears as a satellite line of the center T-line due to the 

EFG, two additional lines should be observed above and below the T-line 

symmetrically in the NMR frequency, as mentioned in Chapter 2. However, the 

T' -line is observed only above the T-line. Therefore, this picture is found not to 

be true. 

Since the T' -line is proved not to be caused by the EFG effect, it should come 

from the local difference in the Knight shift and/or the chemical shift between 

the T '- and T -sites. If the T' -line is caused by the local difference in the Knight 

shifts alone, it is expressed as 

39KT' orb = 39KTorb, 

39KT' spin _ 39Krpin = L1(39Kr Pin) . 

By dividing the both sides ofEq. (6-7b) by 39KrPin, we obtain 

39KT'spinj39Krpin _ 1 =L1 (39KTspin)J39Krpin. 

From Fig. 6-2, we obtain 

39KT' = 60 ± 25 ppm, 39KT =-50± 10 ppm (for Tc < T < T*). 

(6-7a) 

(6-7b) 

(6-8) 

(6-9) 

Since Eqs. (6-6a) and (6-7a) give 39KT'orb = 39KTorb = -1 21 ± 10 ppm, and by 

using the relation of 39Kkspin = 39Kk - 39Kk •orb (k = T, T') and Eq. (6-9), we 

obtain 

39KT'spinj39Krpin- 1 = 2.65 ± 0.75. (6-10) 

On the other hand , since we assumed that Lle9 KTspin) is caused by the local 

distribution in the Knight shifts at the T-sites, the relation 

Lle9KrPin)J39KTspin = Ll(Xspin)/xspin (6-11) 

holds , where Ll(Xspin) is the dev iation from the mean value of the uniform 

susceptibility x spin, which results from the "local densi ty of states (LDOS)" 

di scussed in Section 5-3-Cl. Thus, from Eqs. (6-8), (6-10), and (6-11), we 

obtain 

Ll(_tPin)/Xspin = 2.65 ± 0.75. (6-12) 

Clearly, thi s result is not appropriate from the following reasons: first, this 
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value (2.6S ± 0.7S) is quite different from the finding by the I:Jc NMR (Section 

S-3-Cl) that the LDOS, if any, contributes little to both the asymmetric spectra 

and the non-single exponential recoveries (NSER). Second, in this scenario, the 

absence of 0' -line would lead to the picture that the value of Ll(XSPi0 )/XSpin is -

0 at all 0-sites, whereas the value is - 0 at T -sites, 2.6S at T' -sites, and - 0 at 

all carbon sites. Although it could be possible to imagine that XSpin is qualitatively 

modulated spatially in this way, this is very unlikely since, among others, the 

value of the modulation at the T' -sites (which is much larger than unity) invalidates 

the assumption that the local distribution of _tPin is described as the deviation 

from its mean value of the uniform susceptibility. Thus, we can conclude that 

the appearance of the T' -line cannot be explained by the local difference in the 

Knight shifts alone. 

On the contrary, the unrealistic distribution of Ll(Xspin)/_tPin expressed by Eq. 

(6-12) is not required if we assume that the distribution in the chemical shifts, 

instead of the Knight shifts, plays the main part of causing the presence of the 

T' -line, that is, 

(6-13) 

In this case, since the chemical shift depends on the local electronic states (the 

valences of the potassium ions), both the absence of the 0' -line and the presence 

of the T' -line are explained by a scenario that one and only valence state exists 

at the 0-sites whereas there are two valence states resulting in the T- and 

T ' -sites. Specifically, Eqs. (6-6), (6-9), and (6-13) give 

(6-14) 

This indicates that the valence of the T '-s ites is nearly equal to +1, since our 

39 K NMR shift is defined relative to that of liquid KF. On the other hand, Eq. 

(6-6) means that the ionization at both the T- and 0-sites is incomplete and the 

valence of the T- (0-) sites is + 1 - 5r ( + 1 - (b) where 0 < 5r < 8o < 1. In other 

words, the intra-ionic valences are differentiated at the T-, T' -, and 0-sites 

[Pfeiffer et al., 1982]. In addition, since the electrons are doped from the 
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potassiums to the C6o molecules, the result of Eq. (6-6) is understandable if we 

take into account that the distance from the molecule is larger at the 0-sites 

than the distance at the T -sites. 

For a specific physical picture of the T' -sites, two possibilities are thought of, as 

was also done by Walstedt et al . [Walstedt eta/., 1993]. As is illustrated in Fig. 

6-4, one is that all the four neighboring 0-sites are displaced to the T-sites 

without causing finite EFG at any of the 0-sites. Although thi s could produce 

the differentiation in the valences at the T-sites (causing the T'-sites), it is very 

likely that, at the same time, this could result in the appearance of 0 '-sites. The 

other possibility is the incomplete orientational order of the 4o molecules 

below T*. Since the early stage of the studies on superconducting fullerides, it 

has been proposed that, at low T where the molecular motion is frozen, there 

exists two orientations of the C6o molecules (the low-T structure of A3c60 is 

called "merohedral disorder") [Stephens eta/., 1991]. One of the orientations is 

that a C6o molecule nearest to aT-site faces its hexagon to the T-site (denoted 

as "C6-T"), and the other is that the molecule faces its pentagon to the T-site 

(denoted as "CS-T"). In addition, it is known that the "C6-T" configuration is 

dominated and that the "CS-T" case occurs no more than 2S %. In Fig. 6-S, we 

show the peak intensity ratios of the T- and T' -lines to the 0-lines (denote as 

Ipeak(T/0) and JPeak(T' /0), respectively) as a function of T. Since, as is seen 

from the figure, the peak intensity of the T' -line (although rather scattered 

mainly due to the larger width) is found to be no more than half of the T-line, 

the T' -line is considered to correspond to the "CS-T" configuration. This picture 

is consistent with the fact that 0' -line is not observed, since it is less likely that 

the orientational difference of the C6o molecules nearest to the T-site changes 

the local valence states at the 0-site which has higher symmetry and longer 

distance from the C6o molecules than the T-site. It should be noted that the T* 

for K3C6o is smaller (100 K) than that for Rb3C6o (370 K) [Walstedt et a/ ., 

1993]. Taking into account that the ion radius of Rb+ (1.49 A) is larger than that 
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Fig. 6-4 
View of the local surrounding around the T-site potassium 

(shown by the hatched circle) which is located through hexagonal 
faces of the C6o molecule in the foreground. 
The possible clustering of neighboring 0-site potassiums (shown 
by closed circles) is indicated by arrows. 
If the orientations of the molecules were ordered completely, all 
the four neighboring molecules would face their hexagons to the 
T-site (denoted as "C6-T' case in the text). In the case of incomplete 
ordering of the C6o molecules , some of them face their pentagon 
to the T-site (denoted as "C5-T" case in the text). In thts ftgure, 
the arrow on the molecule in the foreground shows a rotation 
from "C6-T" to "CS-T" orientation. 
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Above T*, /Pe•k(T/0) ~ 2. Below T* , as two broken lines guide the eye, 
!JlC•k(T/0) ~ 1.4 (< 2) and /Peak(T'/0) ~ 0.6. Above and below T*, the sum 
rule of /Pcak(T/0) + !JlC"k(T'/0) ~ 2 holds for the peak intensity. 

1 OS 



§6-2. 

of K+ (1.38 A) [Shannon and Prewitt, 1970], this means that the appearance of 

the T' -line is considered to come from the freezing of the C6o molecular motion, 

which also supports qualitatively the picture that the orientational disorder of 

the C6o molecules causes the potassium T ' -sites . 

Third, we discuss the possibility whether the LDOS, which is not observed 

at the carbon sites, is observable at the potassium sites, or not. Since Fig. 6-2 

shows no clear-cut increases in the widths of the T- and 0-line (39TT, 39r0 , 

respectively) at T*, it could be possible to attribute the broadening of the overall 

line shapes below T* only to the appearance of the T' -line and to its growing 

width, as shown in Fig. 6-6. However, this interpretation is found to be incorrect 

in the followings. 

In Fig. 6-6, the half-width at the half-maximum (HWHM) of the T' -line (denoted 

as 39TT') is close to 10 times as large as 39TTor 39To, namely, 

39 TT' = 10 X 39TT = 10 X 39To. (6-15) 

Broad width of an additional line is also observed in the 8S/87Rb NMR of 

Rb3C6o by Yoshinari eta!. [Yoshinari eta!., 1994]. In their study, they ascribed 

the large width to the distribution of EFG at the Rb-sites because the ratio of the 

widths for the two isotopes (85 Rb and 87Rb) was found to be equal to the ratio 

of the quadrupole moments of the two. In the present case, however, this method 

is not available to clarify the origin of the large 39 TT', since there exist no other 

isotopes which possess sufficiently large nuclear magnetic moments for the 

NMR measurements. In principle, whether or not the distributed EFG at the 

T' -sites contributes to the large 39 TT' can be verified by investigating the 

dependence of the value of 39TT' on the magnetic field (Ho). However, since all 

the NMR spectra are obtained under the maximum field (H o = 7.06 tesla) of ou r 

magnet, reducing the value of Ho results in making the poor SIN of the present 

39 K NMR signa ls much poorer. Moreover, we are concerned in the presence of 

LDOS on the potassium sites instead of the origin of the large 39 TT' . Thus, we 

discuss the widths of the spectra from a different manner. 
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Fig . 6- 6 
T dependences of the half-widths at half-maximum (HWHM) of the 

T-, 0-, and T'-line (denoted as 391T, 391o, and 391T') which are shown by 
open circles, open squares, and closed diamonds, respectively. The widths, 
as well as the peak frequencies and intensities, are obtained by least-squares 
fitting as free parameters. 

With decreasing T (< T*), the width 391T' anomalously increases, whereas, 

as shown also in Fig. 6-2, neither 391T nor 391o does. 
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As is shown in Fig. 6-5, the expected sum rule on the peak intensity roughly 

holds below T* although the data are rather scattered, namely, 

JPCak(T/0) + JPCak(T'/0), 2. (6-16) 

On the contrary, as is shown in Fig. 6-7, the sum rule does not hold if we take 

the integrated intensity instead of the peak intensity, that is, 

pnteg(T/0) + Jinteg(T'/0), 5 ± 3 (> 2). (6-17) 

The invalidation of the sum rule is, as is seen also from Fig. 6-7, mainly due to 

the anomalously larger integrated intensity of the T' -sites of 

Jinteg(T'/0) "'4.7 ± 2.7 (> 2). (6-18) 

Since the sum rule is found to hold for the peak intensity, the anomaly in Eq. 

(6-18) is ascribed to the large value of 39rT'· It should be noted that it is not 

appropriate to ascribe the large 39 rT' to only the presence of distributed EFG on 

the T' -line (electric origin), if any, because the sum rule for the integrated 

intensity holds in general, irrespective of the origin of the width of the line; 

magnetic or electric. The anomaly in 39rT' is only understandable if we take 

into account that the values of 39 rT. 39r0 . and 39 rT' were obtained by decomposing 

the overall line shape into three Gaussians or Lorentzians. The decompositions 

were performed by the least-squares fittings with their NMR shifts, intensi ties, 

and widths as free parameters. Thus, Eq. (6 -18) means that the value of 39rT' 

was obtained to be larger misleadingly than the intrinsic width of the T' -line 

(denoted as 39 TT' rea l) in the process of the decomposition, due to the analytical 

artifact that some parts of the intrins ic widths of the T- and/or 0-line (denoted 

as 39 rTreal, 39 To real, respectively) were added to 39 rT•real, that is, 

39 rT•real < 39 TT', (6-19a) 

(6-19b) 

39 roreal > 39ro. (6-1 9c) 

In other words, Eq. (6-19) means that both 39 rTreal and 39 r o'eal should increase 

below T*. Thus, it is incorrect to attribute the broadening of the overall line 

shapes to only the increase in 39rT', and to interpret the apparent T independences 
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Fig . 6-7 
T dependences of the integrated intensities of the T- and T' -line, both 

of which are normalized to the intensity of the 0-line. The normalized 
intensities are denoted as 39t lll«&(T/0) and 39tin••&(T'/0), and shown by open 
circles and open squares for the T- and T' -line, respectively. 
Unlike the case of the peak intens ity (Fig. 6-5), the expected sum rule of 
39t m••&(T/0) + 39tm•c&(T' /0) ~ 2 does not hold forT< T*, where the integrated 

intensities are defined as 39time&(k/0) = 39tpcak(k!O) x (39 rJ39 ro) fork = T, 
T'. The invalidat ion of the sum rule is ascribed to the anomalously larger 

val ue of 39 rT' at lower T (Fig. 6-6). 
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of the values of 39 rT and 39 ro above and below T* as no traces of the broadening 

of the T- and 0-lines. 

As already mentioned, we have no way of clarifying the origin of the growing 

widths of 39 rTtorr'reai without the spectra under different values of Ho. Thus, it 

remains to be solved whether the increases in 39rTtorr'real below T* are caused 

by either the LDOS (magnetic origin) or the distribution in EFGs (electric 

origin), or both. Here we only check the validity of the magnetic origin. Since 

we found that the least-squares fitting gives the values of 39 rTtorr' (not 

39 rTtorr'rea l) , we have no other way but to " read" the real widths 39rT/Orr'real 

directly from the spectra with ambiguities. In order to reduce the ambiguities, 

we estimate the real width at the 0-line rather than the width at the T- and 

T' -line, because the T-line is substantially superimposed by the T' -line, as is 

seen from Fig. 6-1. The typical increase at 40 K, which is denoted as L1[39ro'eal(40 

K)], is given by 39 rorea1(40 K)- 39ro (T>T*), hence 

L1[39 ro'eal(40 K)] = 30 ± 20 ppm. (6-20) 

The substantial error in Eq. (6-20) is due to the ambiguity in "reading" the value 

of 39ro'eal(40 K) from the spectrum. If the value of L1[39 rore•1(40 K)] is caused 

by only the LDOS, it is expressed as 

L1(39 ro'ea l) = L1(39Kdpin), (6-21) 

L1(39 Kdpin);39K0 spin = Ll(_tPin);Xspin. (6-22) 

From Eqs. (6-3b), (6-6b), and the relation of 39Kdpin = 39Ko - 39Ko0 'b, we 

obtain 

39KdPi11 (40 K) = 85 ± 15 ppm. 

Then, from Eqs. (6-20), (6-21), (6-22), and (6-23), we obtain 

Ll(Xspin);Xspin = 0.4 ± 0.3. 

(6-23) 

(6-24) 

Equation (6-24) means that the LDOS at the potassium sites is substantial, 

which clearly contradicts the finding in Section 5-3-C1 that the LDOS at the 

carbon sites in the C6o molecule is found to be negligible. This discrepancy can 

be explained by two possibilities: one is that the 39K NMR line broadening is 
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partly or totally caused by the electric origin. Specifically, unlike 13C nucleus, 

since 39K nucleus possess quadrupole moment, it is poss ible to attribute the 

substantial value of "Ll(Xspin)/_tPin" at the potassium sites to the distribution of 

EFGs, not to the LDOS. The other is that the value in Eq. (6-24) is solely due to 

the magnetic origin. This means substantial value of the LDOS at the potassium 

sites, contrary to the negligible value at the carbon sites. However, the second 

scenario is not appropriate from a quantitative viewpoint, since the value in Eq. 

(6-24) is too large to be caused only by the deviation from the uniform 

susceptibility, as discussed in the case of the origin of the T' -line. Thus, it is 

concluded that there exists the electric contribution to the line broadening below 

T*. At present, however, we have no way of determining whether or not the 

magnetic contribution is zero at the potassium sites. Nevertheless , the LDOS on 

the potassium sites is expected to be negligible, if we take into account that the 

distribution of EFG is confirmed, and that the LDOS on the carbon sites is 

found to be negligible. 

Finally , we roughly estimate the spin-lattice relaxation time (39T1) at the 

potassium sites. Since it is clarified in the previous chapter that the extended 

Korringa relation holds at the carbon sites and the hyperfine couplings 13A,.spin 

do not depend on the wave vector q in the dynamical susceptibility, the following 

relation is expected to hold also at the potassium sites 

[(39TI)kmag]T(39Kkspin)2 = 39S!K(a) (k = T, O, T'). (6-25) 

The superscript "mag" is labelled to make it clear that the Korringa relation 

describes the relaxation caused by only the local magnetic fluctuation, since, in 

general, the observed 39T1 includes the electric relaxation (denoted as (39T1)ke1) 

coming from the fluctuation of the EFG. The value of 39S is 1.24 X 104 Ks, and 

the value of K(a) which represents the electron interaction is assumed to be the 

same as that at the carbon sites (7.4 ±1.2). From Eqs. (6-3), (6-6), (6-25), we 

calculate the T dependence of the magnetic relaxation rates at both the T- and 

the 0-sites as 
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[lJ(39T1 1rmag](1) = (215T + 1.68T2) x 1~ s-1, 

[l J(39T1 )omag]( T) = (340T + 1.70T2) X 10~ s-1. 

§6-2. 

(6-26a) 

(6-26b) 

Although the coeffici ent of the r2-term is smaller than that of the T-linear term 

by the orders of two, the r2-term is not negligible as shown in Fig. 6-8. Ordinarily, 

it is argued that if the observed relaxation rate for the nucleus with quadrupole 

moment is found to be proportional to T2, the rate is dominated by the electric 

origin. However, as Eq. (6-26) and Fig. 6-8 show, not the electric but the 

magnetic relaxation 1J(39TI )kmag is expected to do have T2 dependence if ,tpin 

has T-linear dependence . Therefore, it should be noted that even if the 

experimentally obtained relaxation rate is found to depend on r2, it does not 

always mean that the rate is electric but rather magnetic. 

From the dependence of fpeak(T/0) on pulse repetition time at typical T, we 

found that the ratio of (39T1)T/(39T,)o is larger at lower T, although we have not 

directly measured the relaxation rate because of the experimental difficulties. 

This means that the contribution of the electric relaxation is larger at the T -sites 

than at the 0-sites. 
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Fig. 6- 8 
(a) T dependences of magnetic spin-lattice relaxation rates (lf39T1)mag 

for both the T- and 0-sites . 
Note that these relaxation rates are not experimentally obtained but estimated 
from the T-linear Knight shifts 39Kk'Pin(T) (Fig. 6-2) and from the modified 
Korringa relation (Eq. (6-25)). Thus , the values of (l/39Tt)mag do not consist 
of the electric origin (i .e ., the relaxation mechanism due to the fluctuation of 
the EFGs). 

(b) T dependences of the estimated magnetic relaxation rates divided 
by T, (lP9TtmagT) for the both sites. 
The T-linear Knight shifts result in the magnecic relaxation rate proportional 
to T2, which is ordinari ly observed for electric re laxation rate. 
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Chapter 7. Summary and Conclusion 

Using the spectrometer which has been built by the author in our laboratory, 

the 13C- and 39K-NMR measurements are carried out for a superconducting 

fulleride K3C6o which does not contain unreacted pristine C6o- The obtained 

results are consistently ana lyzed in this study. 

Regarding the 13C NMR experiments, both spectra and spin-lattice 

relaxation rate (l(T1) were obtained above and below Tc. On the other hand, 

only the spectra above Tc were obtained for the 39K NMR. The measurements 

of the IJc_ and 3~-NMR spectra were performed at typical temperatures (T) up 

to room T. On the contrary, the measurements of the 13C-NMR l!T1 were 

limited for T < 55 K, and forT- 300 K. 

In what follows, the analyzed results are summarized and the answers are 

given to the questions presented in Chapter 3. 

(1] With decreasing T, the state of the C6o molecular motion changes at Trotation 

("' 235 K) and T* ("' 100 K). The isotropic motion at T > Trmation crosses into 

uniaxial jumping motion below Trotation, and the jumping motion freezes below 

T*. It is concluded from the 39K NMR spectra that, in the frozen state, the 

orientational order of the molecules is incomplete: the orientational order would 

be complete, if all the four nearest molecules of aT-site potassium face their 

hexagon to the potass ium. In reality, however, this is found not to be true. 

[2] Above Tc, the spin susceptibility Xspin(T) decreases with decreasing T, which 

causes the decreases in the Knight shifts at both the carbon sites and the potassium 

sites. The T dependence of _tPin(T) results from that of the density of states 

No(T) at the chemical potential. Since the reduction of Xspin(T) is found to be so 

large as xspin(20 K) I _tPin(300 K) = 0.55, the T dependence of No(T) is not 

solely ascribed to the thermal contraction of the lattice distance, but mainly to 

the effect of the narrow band. 
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Below Tc, the decrease in _tPin(T) comes from the formation of the spin-singlet 

Cooper pairs. 

[3] The hyperfine coupling at the carbon nucleus of the C6o molecules cons ists 

of its isotropic part (13Aisospin) and its anisotropic part (13Aaxspin). The former 

(13A;50spin) is due to the Fermi contact interaction by the conduction electrons on 

the carbon s-orbitals, and the latter (13Aaxspin) comes from the dipolar field of 

the conduction electrons residing on mainly the carbon pre-orbitals. 

· · K · h h"f f h 13C le s (13Kspin) From the analysis on the amsotroptc mg t s 1 ts o t e nuc u , , 

we found that the ratio on isotropy a spin(= 13Aisospin I 13Aaxspin) is 0.78. 

This means that we experimentally solved, for the first time, the controversial 

problem of which the 13C hyperfine coupling is dominant in K3C6o: isotropic 

(13Aisospin) or anisotropic (13Aaxspin). We consider that the substantial contribution 

of s-orbitals reflects the crystal structure of the C6o molecule: the almost planar 

structure seen from the nucleus length scale makes the dominant contribution of 

anisotropic pre-orbitals, but the non-planarity that shapes the C6o molecule 

produces the comparable contribution of the carbon s-orbitals. 

[ 4] At high T (> Trotalion), since the isotropic molecular motion quenches the 

anisotropy in the hyperfine coupling, the 13C NMR spectra show symmetrical 

line shapes and the T1 recovery processes follow the single-exponential time 

evolution which is expected for 13C nucleus . On the contrary, below Trotation, 

the !Jc NMR spectra show asymmetric line shapes due to the presence of the 

anisotropy which results from the jumping motion of the molecules. At lower T 

( < T*) where the molecular motion is frozen, the T1 processes show non-single 

exponential recoveries (NSER) which are scaled to an identical recovery shape. 

The value of ifpin = 0.78 , which was derived from the analysis on the 13C NMR 

spectra, well reproduces the identical shape of the NSER. This means that both 

the asymmetric line shapes and the NSER at low Tare explained by only the 

anisotropy in the 13C hyperfine coupling. In addition, the contribution of the 

local density of states at the inequivalent carbon sites, which had been proposed 
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to account for the NSER and for the asymmetric line shapes, is found to be less 

than the contribution of the anisotropy . 

[5] Regarding the Knight shifts and the spin-lattice relaxation time for the 1:Jc 

nucleus, the usual Korringa product is defined as T,T[I3Kisospinj2 at high T (> 

Trmation), due to the quenching of the anisotropy. At low T ( < T*) where the 

molecular motion is frozen, the effective value of (TI)iso is defined by 

renormalizing the anisotropy in the hyperfine coupling to the observed T1S 

value (which is obtained from the initial slope of the NSER shape). In this case, 

the Korringa product is modified as (TI)iso71 13Kiso5pinj2. It is found that the 

values of (TI)iso71 13Kiso5pin]2 at low Tare equal to the value of TJ71 13Kisospin] 2 at 

room T. This means that the "extended Korringa relation", where both the 

anisotropy and the T-dependent density of states are taken into account, holds 

irrespective of the state of the molecular motion. In addition, the K(a) value 

(which is defined by the Korringa constant over the Korringa product) in our 

case is 7.4 times as large as the value of independent electrons. Thus, it is 

concluded that the normal state of K3C6o is a Fermi liquid where substantial 

antiferromagnetic electron interaction is treated within the RPA. This finding is 

far from self-evident in that the Korringa relation holds up to room T with the 

K(a) value being enhanced. 

[6] We made it clear for the first time that the 13C nuclear spin-lattice relaxation 

rate 1/T, T shows a broadened coherence peak below Tc. From this finding, it is 

concluded that the superconducting gap has no nodes in the wave-vector space 

and that the Cooper pairs haves-wave symmetry. The T dependence of 1/TJT is 

not explained by the phenomenological fitting which parameterizes both the life 

time of the thermally-excited quasi particles and the superconducting gap, but is 

well reproduced by the theoretical prediction which treats the electron-phonon 

interaction based on the Eliashberg theory. Since this theory assumes the dominant 

contribution of the low frequency (0 - 60 me V) phonons to the relaxation rate 

and predicts the superconducting gap of 2tJ(O)!ksTc = 4.3, it is found that the 
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s-wave pairing by low f requency phonons in the strong coupling reg ime can 

explain the superconductivity of K3C6o. 

In conclusion, the present study has revealed how the consistent phys ical 

picture is like on the electronic properties of a superconducting fulleride K3C60. 

Consequently, all the questions, which were presented when this study was 

started, have been cleared except but one. The question which remains to be 

seen is, "Why is the Tc of this material so high?" It is true that researchers are 

strongly motivated by this naive question to study the mechanisms of 

superconductivity of new material s. However, it is also true that scientific 

researches can give answers to "how" very precisely and minutely, but, as is 

often, not satisfactorily to "why". In the case of a superconducting fulleride, the 

origin of its high Tc cannot be ascribed to the value of the density of states , 

since there are no experimental findings which evidence that the value is 

sufficiently large to account for the high Tc. 

It is expected that various modes of phonons are induced both on a c60 molecule 

(due to its "moderately" large size) and between the molecules (due to the van 

der Waals bonding) . Thus, those phonons should contribute to enhance the 

superconductivity if the Cooper pairs are found to be phonon-mediated. Since 

the present study has revealed that the T dependence of 1/T1T is well explained 

by the electron-phonon mechanisms, we have proved experimentally the 

assumption on which the above mentioned expectation is based. Thi s is the 

safest answer which the author can present at best, to the naive but important 

~'why ". 
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