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Abstract 

An electron spin resonance (ESR) and magnetization 

measurements have been performed on single crystal s創nples of the 

spin(S) one quasi-one-dimensional Heisenberg antiferromagnet 

Ni(C2HSN2)2N02CI04 (NENP) containing Cu impurities. Novel ESR 

signals have been observed at low temperatures in 仕lese cηrstals 

whose intensi匂r decreases rapidly as the temperature is increased. 

The experimental results are well explained by a model based on 仕le

valence-bond-solid (VBS) state : namely, when a Ni atom in NENP is 

substituted by a Cu atom , the valence bonds in 仕le VBS state are 

broken at 仕le Cu site resulting in S= 1 /2 degrees of freedom at the Ni 

sites neighboring the Cu atom. 

The result of 仕le magnet包ation measurements on the Same 

system is quantitatively explained by the model without any 

adjustable parameters. The S= 1 /2 degrees of freedom have also 

been observed in an imperfect single cηrstal of NENP without 

impurity atoms from ESR and magnetization measurements. 

This study provides the first experimental evidence for the 

existence of a fractional spin in magnetic system. At the same time , 

the ground state of an S= 1 linear-chain Heisenberg antiferromagnet 

is shown to be well approximated by 仕le VBS model. 

Vll 



List of symbols 

The symbols which often appear in 仕le text have the following 

meaning: 

D : Single ion anisoむopy constant (uniaxial anisotropy) 

E : Single ion aniso仕opy constant (rhombic anisotropy) 

EG : Haldane gap energy 

h : Plank's constant 01=hj21t) 

H : External magnetic field 

J : Nearest neighbor intrachain exchange constant 

J' : Nearest neighbor interchain exchange constant 

kB : Boltzmann constant 

μB : Bohr magneton 

μN : Nuclear magneton 

Vo : ESR frequency 

S : Spin operator 

T : Tem perature 

Vlll 

~ 1. Introduction 

1-1. Line訂 chain magnetic systems 

The study of linear chain magnetic systems has a long history. 

The linear chain magnetic system is defined as 廿le one in which 

exchange interactions exist only in the chain direction. Al仕lough

仕lere is no ideal linear chain magnetic system in real substances , the 

study of the system has the following importance and viewpoints : 

(i) It is easier to calculate the magnetic properties than to do so in 

higher dimensions. In some cases , exact solutions of the interacting 

many body systems in which quantum effects play an important role 

are obtained，出ld are used to test the validi匂T of quantum statistical 

mechanics. (ii) The critical region is enhanced in linear chain 

systems in comparison wi出 that in three dimensional magnetic 

systems. Therefore , novel properties appear and the study of these 

phenomena gives a clue in understanding phase transitions. 

(iii) A number of magnetic substances close to ideal linear chain 

magnetic systems has been found and investigated extensively from 

the 1960s. 

The Hamiltonian for a linear chain magnetic system in zero field 

is given by 

》と= -2 エ {Jpsfsf+I+Jょ (S7sC1+S7sLI)}
(1-1-1) 

「一一一 一一一一一一一ーでてー - 一一竺三二二



where J / / and Jj_ are the nearest neighbor exchange interaction 

constants parallel and perpendicular to 出e quantization axis (z-axis), 

respectively, and sf, sf and Sf are the components of electron spin 

vector at 廿le i-th site. Equation (1-1-1) represents , in 廿le case of 

J / /=J j_ the Heisenberg Hamiltonian , for J / /=0 XY one and for J j_ =0 

Ising one , respectively. 

Theoretical work on the Hamiltonian (1-1-1) for J / /=J j_ and 

S=1/2 dates back to 1930 when Bloch1) introduced the concept of a 

spin wave and gave the exact eigen states for a feπomagnet with one 

f10pped spin. In 1931 , Bethe2) obtained , based on an ansatz，仕le

exact eigen states for interacting spin Waves for arbitrary number of 

f10pped spins on an S=1/2 linear chain. Hulth駭3) used the Be仕le

ansatz to obtain the exact value for the ground state energy in an 

S= 1 /2 linear chain Heisenberg antife汀omagnet (LCHA) in 1938. 

These arguments for J / /=Jj_ were extended by Orbach4) (1 958) 釘ld

by Walker5) (1959) to 仕le cases ranging from J j_ =0 to J上=J/ /・ Yむ19

and Yang6) proved exactly 仕le Be仕le ansatz for 仕le ground state of a 

finite linear chain antiferromagnet (1966). 

The magnetization curve and susceptibility of 仕lese systems at 

zero temperature were calculated by Griffiths7) in 1964. The 

thermal and magnetic properties in external magnetic field at nonｭ

zero temperatures were investigated by Bonner and Fisher8) who 

carried out the computer calculation for the number of spins in the 

chain N=2 to 11 in 仕le range from J j_ =0 to J上=J/ / and for fe汀0- and 

antiferro-magnetic couplings (1964). They also estimated the 

behavior of thermal and magnetic properties of an infinite chain 

(N=∞) by extrapolation. Although the ground state energy for 仕le

2 

s= 1 /2 LCHA was calculated exactly3). an intuitive physical picture 

expressing 仕le ground state had not been obtained until recently. 

Anderson 9) proposed in 1973 仕le resonating-valence-bonds (RVB) 

state as a physical picture for the ground state of an S= 1/2 

Heisenberg antife汀omagnet. The RVB state is composed of singlet 

pairs (valence bonds). The energy of the RVB state becomes lower 

than that of the classical N馥l state 出ld is close to the exact value 

obtained by Hulth駭3). 

The XY Hamiltonian (J / /=0) is solvable. Lieb , Shultz and 

Mattis10) obtained 仕le ground state energy. elementaηr excitation 

and free energy exactly (1961 ), and Katsura 11) studied the thermal 

and magnetic properties including the behavior in a field (1962). 

The S=1/2 Ising Hamiltonian (Jj_=O) is easy to solve exactly12). The 

magnetic and thermal properties of the Ising model with S= 1 /2 , 1 

and 3/2 were calculated exactly by Suzuki et al.13) and Obokata and 

Oguchi14). As to classical spin (S=∞) systems , Fisher15) calculated 

exactly the free energy, susceptibility and correlation functions of 

one dimensional Heisenberg magnet (1964). 

Concerning elementaηr excitations，仕le spin wave theories were 

developed by Holstein and Primakoff161 and by Dyson 17) for a 

feπomagnetic coupling and by Anderson 18) 創ld by Kubo19) for an 

antife汀omagnetic coupling in 仕le 1950s. Anderson obtained the 

relation ε(k)=21 J 11 sink 1, where k is 出e wave vector, for the spin 

wave dispersion in an S= 1/2 LCHA In 1962, des Cloizeaux and 

Pearson201 calculated exactly 仕le spin wave states for an S= 1/2 

infinite LCHA and obtained the dispersion relation E(k)=π1 J 11 sink 1 

which isπ/2 times larger 仕lan that obtained in the classical spin 

3 
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magnetic speci白c heat (open circle). The solid line 

shows the exact result for 仕le magnetic specific heat of 

仕le Ising linear chain wi出 J/k=9.5 K. (Quoted from 

ref. 29) 
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Another important ESR studies on by Torrance and Tinkham32). 

one dimensional antife汀omagnet are those of line shape and 

Dietz et temperature dependence of the resonance fields (g-shift). 

-200 
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al. 33) studied 仕le line shape of 仕le ESR signal in an LCHA, 
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The line shape of this compound is (CH3)4NMnC13 (TMMC). 

They concluded that different from that of Lorentzian or Gaussian. 

-400 the line shape and its angul訂 dependence were explained by a spin 
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-500 
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The g-shift at low temperatures in one diffusion process. 
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了EMPERATURE ( K) 
40 30 20 dimensional antifeπomagnets CsMnC13.2H20 and TMMC was 

investigated experimentally and theoretically by Nagata and Tazuke34) 

They satisfactorily explained the shift by t心d.ng into account the 

The magnetic dipolar interaction in the short range ordered state. 

result of comparison of 廿le 仕leory with the experiment in 
Comparison of 仕le theoηT with the experiment on 仕leFig. 1-1-4. 

g-shift in 仕le LCHA compound CsMnC13.2H20 at 
CsMnC13.2H20 is shown in Fig. 1-1-4. 

The measured values of the shift 訂e34.4 GHz. 
The result of the neutron scattering experiment in which 廿le

The solid indicated by +(H/ /a), O(H/ /b) and ・(H// c). 
spin wave was measured on CuC12.2N(C5D5) by Endoh et al.35) is 

The result agrees with the exact solution20) of 
(Quoted curves are calculated by Nagata and Tazuke34) 

shown in Fig. 1-1-5. 
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results36・39) 開ems and Steiner36) found soliton mode predicted by 

Mikeska 22) in 仕le one dimensional easy-plane ferromagnet CsNiF3 by 

inelastic neutron scattering. The interpretation of the experimental 

data, however, was found to be incorrect40-42J. The magnetic 

solitons in the one dimensional antiferromagnet (CD3)4NMnC13 were 

observed by Boucher et al. from the inelastic neutron scattering37) 

and NMR38) measurements. The dynamics in a one dimensional 

Ising like antiferromagnet CSCOC13 was investigated by Yoshizawa et 

al. 39) by inelastic neutron scattering. They found a propagative mode 

of one-dimensional antiferromagnetic domain walls predicted by 

Villain24) . 

As for an S= 1/2 LCHA, we have the exact solutions for the 

ground and spin wave states , and 仕le physics is now fairly well 

understood. From the argument of 出e universaliザ in spin systems , 

it was believed , before Haldane's conjecture43J , that 仕le magnetic 

excitation spec仕um did not change wi出 spin quantum number, i. e. , 

that there was no excitation gap at wave vector k=O orπbetween 仕le

ground state 出1d 仕le first excited one in an LCHA, irrespective of 

spin values. 

。 ロ /2 ロ

qc 

Spin wave dispersion curve in the S=1/2 LCHA. 

CUC12.2N(CSDS) at 1.3 K. The energy is scaled in units 

of J= 13.4 K. The solid lines represent the 仕leoretical

spin wave dispersion curves calculated by Des Cloizeaux 

and Pearson20J and with classical model. (Quoted from 

ref. 35) 
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1-2. Haldane effect 

In 1983, Haldane43) found 出at the continuum field theory 

describing the low energy dyn出nics of a large-spin one-dimensional 

Heisenberg antiferromagnet is expressed by the 0(3) non-linear 

sigma model. He predicted that 出e LCHA wi出 integer spin values , 

even 廿lough 廿le spin has a small number, has an excitation energy 

gap between 仕le ground state and the first excited one and the 

exponentially decaying correlation functions , while the LCHA with 

half-integer spin values has no energy gap between them and the 

correlation function with power law decay. Since then , extensive 

theoretica144-71) and experimental72 ・94) works have been done to test 

the Haldane's conjecture. 

Since 仕le Bethe-ansatz is not applicable for an S= 1 LCHA, 

numerical works have been carried out from the beginning of 出e

study. These are , the exact diagonalization of finite chains44 .45) , a 

finite-size scaling46-52) and a variational53), Monte Carlo54・ 57) and 

other calculations58-64). Although there was a controversy44.50.55) at 

the beginning of the numerical study, most 

calculations 45-49.51 ・ 54.56-64) have supported 仕le Haldane's conjecture. 

The energy gap (Haldane gap) has been estimated to be 

0.41 12J 152.54) (Fig. 1-2-1). 

The phase diagram47 .49.59.63) using the Hamiltonian given by, 

記=ヱ[ -2 J ( S1' S1'+1 + S1 S1+1 + � Sr Sr+1 ) +D ( Sf )2 ] 

(1-2-1) 

in the (ム D) plane is shown in Fig. 1-2-2. One of 仕le most 

import包lt results in this figure is 出at a singlet ground state phase 

1 4 

G(n) 

0.7 

0.6 

0.5 

0.1. 

℃ 
αコ

Fig. 1-2-1. 

32 24 20 16 l' 12 

n(n-1scale ) 

En紅白T gaps in S= 1 finite chain vs. n -1 (n is 仕le

Lゴ
10 

number of spins) calculated by Nightingale and Bl�e by 

using a Monte Carlo method. Open circles and 

squares give (Eo-E 1) / J and (EO-E2) / J , respectively, 

where Eo is the ground state energy 包ld E1 and E2 仕le

energy of the first and second lowest excited states , 

respectively.τbe curves are guides to 廿le eye. 

(Quoted from ref. 54) 
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wi仕1 a nonzero gap exists in an extended range of ~ and D values 

o
f
ル
ハ4

3
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1ST ORDER 
The effects of including 仕le Heisenberg point (~=1. D=O). 

2NO ORDER 
interchain exchange interaction (J') 訂ld single ion aniso仕opy (D) on KT-骨骨-。

In Fig. 1-2-3 is 仕le Haldane phase67-69) have been investigated. 

In this case. 仕leshown the phase diagram69) in D-J' plane. 

Hamiltonian is written as. 

( 1-2 ・ 2)

si 奇+ D I (SI)2 + J' エ三 i-
j (i . j) 

す
白
川

一一みと③ 
2.0 

⑤ 

d 

where くi.j> denotes an intrachain ne訂est-neighbor pair and (i.j) an 

B interchain one. the second terrn describes the single ion anisotropy 
了1.0① 

We and J' is the ratio of interchain to intrachain coupling constants. 

③ 
see 仕le Haldane disordered phase exists in a wide region of D values d 

if the interchain interaction is sufficiently small. 
c 

As to a rigorous work for a solvable model. Affleck et al.65) 

(1-2-3) 

studied an S= 1 LCHA wi廿1 a biquadratic term given by. 

= -2 J エ{三 i ゑ+1 +ま ι 三i+d2 } るそ:
3..0 

H8円d

-~。-3.0 

-a-ea----

出ld proved 出at 仕le system has a unique infinite volume ground state 

They with a gap and exponentially decaying correlation functions. 
Phase diagram obtained with 仕le Hamiltonian Fig. 1-2-2. 

provided the valence bond solid (VBS) state65) as the exact ground 

The VBS state is constructed out of valence 

bonds by extending 仕le RVB state proposed by Anderson9) to the 

state of this system. 
H : Haldane phase. S : disordered 

phase with the singlet ground state and the large 

(Eq. (1-2-1)). 

Figure 1-2-4 (a) shows diagrammatically the S=1 VBS 

Spin one is obtained by s戸nme廿ization of two S=I/2 

case of S=I. 

state. 

single ion anisotropy. N : Ne駘 ordered phase. XY : 

gapless XY phase. F : Feπomagnetic ordered phase. 

1 6 

(Quoted from ref. 64) 
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(a) A schematic representation for 仕le valence bond Fig. 1-2-4. 

The larger solid れTBS) ground state of an S= 1 LCHA. 

circles show the atomic sites and the smaller ones 出ePhase diagram in D-J' plane obtained with 仕leFig. 1-2-3. 

The lines represent the valence 5=1/2 variables. Here , z is 仕le number of Hamiltonian (Eq. (1-2-2)). 

bonds. (Quoted from ref. 69) a匂acent chains. 

(b) A host atom is substituted by an impurity resulting 

in the S= 1/2 states at the host sites neighboring the 

τl1e arrows show the spin moment. 

1 9 

impuri匂T.
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variables. The spin singlet state can be written as the valence bonds 

emanating from each site and terminating on different sites. 

Experimentally，仕le quasi S= 1 LCHA compound CsNiC13 was first 

investigated to test 仕le Haldane's conjecture. This compound is a 

member of the hexagonal ABX3-type compounds95). From the 

neutron scattering study, Buyers et al.72) and Steiner et al.73) have 

observed an energy gap in the short-range-ordered phase above the 

three dirnentional transition temperature (TN) , and concluded that 

the energy gap above TN can not be explained by the effect of 出e

single ion aniso仕opy. Also. 出e spin waves at low ternperatures are 

not explained by the classical spin wave 廿leoηr. Thus , they suggest 

that their experirnents support the Haldane's conjecture. 

Renard et al. 74・ 76) have found 出at the compound 

Ni(C2H8N2 )2N02CI04 , abbreviated NENP, is a typical example of a 

quasi S= 1 LCHA. This compound is a better candidate for an S= 1 

LCHA than CsNiC13 , because no three dimensional magnetic order 

exists down to 1.2 K74). which rnakes the verification of the Haldane 

gap easy. A number of experirnents74-87) including 

susceptibility74-76) , neutron scattering74-76), high field 

magnetization78), electron spin resonance (ESR)79-8 1), nuclear 

magnetic resonance (NMR)82・86) and heat capacity87) measurements 

have been carried out on this compound. The Haldane gap has been 

verified 仕lrough 仕lese experiments. The results of these 

experiments 訂e described in the next section. 

Ni(C3H10N2)2N02CI04 (NINO)75) , AgVP2S676) , (CH3)4NNi(N02)3 

(TMNIN) 94) and Ni(C3H 10N212N3C104 (NINAZ) have been also found 

as 匂rpical examples of a quasi S= 1 LCHA and have been investigated 

as well as NENP. 

In spite of these experimental efforts. the ground state 

properties of an S= 1 LCHA has not been understood. As is described 

above , the VBS state is the exact ground state of Eq. (1-2-3). We 

expect 仕lat 仕le VBS model gives a good approximation to 出e ground 

state of an S= 1 linear chain antifeπomagnet wi白血e quadratic 

exchange interaction only. 

There has been no experiment to test the VBS ground state. 

We got 廿le following idea. Let us consider the case when a host 

atorn in 仕le VBS state is substituted by an irnpuri匂r atorn. for 

instance , Ni2+ in NENP by Cu2+. In this case. if 仕le exchange 

interaction between the host and the impurity spins is considerably 

smaller than that between the host spins , the valence bonds will be 

broken at the impurity sites. This will results in producing S=1/2 

states at the host spin sites neighboring 出e impuriザ (Fig. 1-2-4(b)). 

For the ordina巧T Heisenberg Hamiltonian, the effective coupling 

between these S= 1 /2 degrees of freedom at the two ends of a chain 

is of O[(-l)L(e-L/と)L -1/2] where L is the chain leng出 and é, z 7 is 出e

correlation length. Thus , open chain has low energy boundary 

excitations 70 , 71). This S= 1 /2 degrees of freedom should be observed 

experimentally. 

The format of 仕1is paper is the following. In S 2，仕le cηrstal 

and magnetic properties of NENP are described. The experimental 

procedure is explained in S 3. The experimental results of ESR on 

Cu doped NENP 紅e reported in S 4. The ESR results are analyzed 

in S 5. The results of high field magnetization measurements on 

20 21 



NENP containing Cu impurity are discussed in ~ 6. In ~ 7. the 

experimental results and analysis on an imperfect single crystal of 

NENP without impurities are given. The final section (~ 8) is 

devoted to conclusions. 

22 

~ 2. CηTStal むld magnetic properties of Ni(C2HSN2 )2N02CI04 

(NENP) 

2-1. Cηrstal structure of NENP 

NENP cηrstallizes in the orthorhombic system and belongs to 

仕le Pnma space group961. The crystal structure of 仕lis compound is 

shown in Fig. 2-1-l. The lattice constants are a=15.223A. 

b=10.300A and c=8.295A. The structure consists of 

Ni(C2HSN2 )2N02 chains which are well separated from each other by 

CI04 anions. In 仕le chains. N02 molecule is bonded to a Ni atom by 

its nitrogen atom (N-Ni=2.163A) and to the next Ni atom by one of 

its 0巧gen atoms (Ni-0=2.183A), and ..… Ni-N02-Ni ..... chains are 

directed along the b-axis. Each Ni atom is surrounded by four 

nitrogen atoms from two diamine molecules. The local 

stereochemistry of nickel is a distorted octahedron. 

The 3d orbitals are divided into two kinds of orbitals (dE ,dy) in 

the octahedoral field. The electronic configuration of the lowest 

orbital state of Ni2+ ion is (dE6)dy2 (that in parentheses indicate 

paired electron). Only 廿le dy-pσ(provided from the anion like 02-) 

bond can take part in the superexchange interaction. This gives rise 

to antiferromagnetic interaction for the case of the angle 1800 

between Ni2+ ions and the intervening anion97 ,9S1. The total spin of 

Ni2+ is one. 

23 
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Fig. 2-1-1. Crystal structure of Ni(C2H8N2hN02CI04 (NENP) 
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2・2 . Magnetic properties of NENP 

The molar magnetic susceptibilities (χMl of a single crystal of 

NENP along the three cηTstallographic axes show a rounded 

maximum around 60 K and decrease abruptly as 出e temperature is 

further decreased (Fig.2-2-1). This rounded maximum is typical of 

low dimensional an tife汀omagnets. The temperature at 出is

maximum (Tmaxl is related to the intrachain exchange interaction as 

Tmax三 1.2512J I /kB. The rapid decrease at the low temperature 

indicates the existence of 創1 energy gap between a singlet ground 

state and the excited one. This temperature dependence of the 

susceptibili匂T is completely different from that of an S= 1/2 LCHA 

(see Fig. 1-1-1). 

The intrachain exchange interaction constant (J) and the g-

values along 仕le cηTstallographic axes (ga , gb and gc)訂e obtained by 

fitting the susceptibility data with 仕le theory for an S= 1 LCHA 96). 

The value of the single ion anisotropy constant (D) is also estimated 

from the susceptibiliザ data to be 0.9 K. In the other 

experiments 7 4-76 ， 78・80)，仕le D value is estimated to be about ten 

times larger than this. The magnetic parameters are listed in 

Table 2-2-1. 

Renard et al.74.751 have estimated the energy gap with the 

following relation: 

χ(T) =χ(0) + C x exp(-Ec /kBT), (2-2-1) 

25 
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Parameters Values References 

ga= 2.21 

g-values 
gb= 2.15 96) 

gc= 2.23 

Intrachain -1 96) 
exch釘1ge

33 (cm .L)= 47.5 (K) 

interaction 55 (K) 74-76) 
constant (2J) 

Interchain 
exchange -4 

interaction IJ'/J 1= 4X10 74-76) 
constant (J') 

ー 0.9 (K) 96) 

S江19le ion -12 (K) 74-76) 
anisotropy 
constant (D) -16 (K) 78) 

-11 (K) 79) 

-14 (K) 80) 

S江19le ion ー0.92 (K) 79) 
自社sotropy

ー0.72 (K) 80) constant (E) 

19 (K) 74-76) 

17 (K) 78) 

13 (K) 79) 

Haldrganre {Egd ap 17 (K) 80) ene 

11 (K) 86) 

19 (K) 87) 

90 

4 3 2 

50 

。

0.8 
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( K ) T 
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Molar magnetic susceptib山ty of NENP along 白eFig. 2-2-1. 

three cηTstallographic axes a(・)， b(・) and c(ﾀ) as a 

τne solid lines are guides to 

(Quoted from ref. 76) 

function of temperature. 

the eye. 

Magnetic p訂ameters of NENP Table 2-2-1. 
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where C is a constant andχ(0) is the susceptibili匂T at zero 
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This leads to EG1 I /kB= 11 K for H parallel to the chain temperature. 

axis and EG_l/kB=17 K for H perpendicular to it. 

Inelastic neutron scattering measurements74-76J have been 

carried out on 出is material in order to determine the energy gap 

The dispersion curves of the magnetic excitations parallel directly. 

1.5 
The and perpendicular to the chain axis are shown in Fig. 2-2-2. 

experimental data near q=l are well fitted by the relation , 

1. ム

• 

1.3 

(
〉b
E
)
k
s
k
b
C

む

1.2 

(2-2-2) 11ωq = [ ( EG 1/. 上 )2 + ( 2π12J I S (1-q) 2 ]1 12 , 

with EG11=2.6meV (30K) , EG上=1. 17meV (14 K) and 12J I /kB=55 K, 

i 1
 

• 4
E
E
-
-

The where q is 仕le wave vector in reciprocal lattice units. 

げ2
4
1ー

experimental data along 仕le [1001 direction c但1 be fitted by a 

2 
Q (r.L.u.) 

X 

。
1.0 

The value of 仕leI J'/J I =4x 10・4c1assical spin wave 仕leoηT wi仕1

Haldane gap energy EG estimated from EG11 and EG_l using the 

relation EG =(EG11+2EG_l)/3 is 19 K, which is slightly smaller than that 

。

0.9 0.8 

[0 ,1,0J (..L.u.) 
0.7 0.6 

calculated (0.41 12J 152 ,54)). 

巳Long，、

、4

A c1ear evidence for the existence of 仕le Haldane gap has been 

Dispersion curves of 仕le magnetic excitations in 

NENPp訂allel and perpendicul紅 to the chain axis at 

Fig. 2-2-2. 

obtained from the high field magnetization measurements by 

The magnetization is veηT small in 廿le low field 

region and begins to increase sharply at a finite field for all three 

Katsumata et al78). 

τne dashed and solid lines are fits to the 
This result has been interpreted cηTstallographic axes (Fig. 2-2-3). 

Q=(Qx, q, 0). Qx : 0 0.1 ， ・ 0.6 ，

4.2 K. 

theoηT. (See text). 
the energy of one of the excited 仕iplet (Sz=-l) decreases as follows : 

(Quoted from ref. 74) �. 1. 1 ， ・ 2.1 ，口 3. 1.
with H and becomes equal to that of 仕le singlet ground state at 仕le

The energy transition field (HT). and the system becomes magnetic. 
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gap and the single ion aniso仕opy constant are estimated to be 1 7 K 

and -16 K, respectively. 

Date and Kindo 79) have performed ESR measurement on NENP 

and have found ESR lines which are consistent with the energy levels 

The scheme obtained from the analysis of 出e magnetization data 78). 

ESR signals observed at the designated temperatures for the 

The temperature frequency of 47.0 GHz are shown in Fig. 2-2-4. 

and angular dependences of 仕le ESR signals are well explained by 

せle energy diagram , and values of the single ion aniso仕opy constants 

(D , E) and ener( T gap (EG) have been obtained from this study (see 

The energy levels scheme is also confirmed by Lu et Table 2・2・ 1). 

al. 80) and Palme et al.81) from the ESR measurements in 白e high 

Date and Kindo proposed a localized two-spin frequency region. 

bound state with the resultant spin one as an elementaηT excitation 

from the Haldane state (Fig. 2-2-4). 

Nuclear magnetic resonance (NMR) measurements83・86) on 

NENP have been carried out and proton spin lattice relaxation time 

The energy gap (EG) has been estimated by T 1 has been measured. 

Fujiwara et al. to be 11 K from the temperature dependence of Tl ・

Heat capacity measurements on NENP have been carried out in 

They have static magnetic fields up to 13 T by Kobayashi et a1.87). 

obtained 仕le value 19 K for 廿le Haldane gap which agrees well with 

that obtained by inelastic neutron scattering experiments74-76). 

They also found 出at a non-zero gap exists at around the transition 
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Renard et al.76) have measured the susceptibilities of 3.6 at% 

Cu : NENP and 6.2 at% Cu : NENP (Fig. 2-2-5). The impuri匂r

contribution is well fitted by 仕le Curie law. The experimental Curie 

constants are about 4.6 times larger than the calculated ones for free 

Cu2+ impurities. Recently, the susceptibili匂r data are re-analyzed by 

Mfleck99). He found that the Curie constant lies between 3.2 and 4.4 

DPPH V ご 47.0 GHz depending on field direction. 

Z
O
一
ト
仏
包O
の
の
《

35 K 

K 

7 K 

/~~_11.5K 
o 1 2 3 4 5 6 

MAGNETIC FIELO (T) 

Fig. 2-2-4. Temperature dependence of the ESR signal in NENP. 

Upper panel : A model describing 仕le elementary 

excitation in せle Haldane state. (Quoted from ref. 79) 
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@ 3. Experimental procedure 

3-1. Sample preparation 

Single crystals of NENP were grown from an aqueous solution 

containing stoichiometric amounts of Ni(CI0412.6H20 , (C2HSN2 12 

and NaN02 at room temperature (-20 OC) 96). Single crystals up to 

3mmx3mmx10mm were grown in about one month. The single 

crystals used in some ESR (0.7 at% Cu : NENP) 紅ld high field 

magnetization measurements were made by Prof. J. P. Renard in the 

Institut d'Electronique Fondamentale , Univesit� Paris-Sud. The 

o廿lers (0.1 at% Cu : NENP , undoped NENP) were made by 仕le

f
J
/
 

/
.
4
j
γ
 

f
 

The cηrstal of NENP has 仕le nature of cleavage which is used to 

determine the cηrstal axes. In NENP, bc-plane is paral1el to 仕le

cleavage plane and the long ぉds of the crystal corresponds to せle bｭ

むds. The directions of the cηrstals used in the experiments were 

confirmed by an X-ray at room temperature. Chemical analysis was 

done by an Inductively Coupled Plasma (ICP) method and the 

sensitivity of this me出od is 0.00ト0.01 wt% for Cu. 

。

20 5 

丁( K ) 
15 

Fig. 2-2-5. Molar magnetic susceptibilities of NENP doped with Cu 

and pure NENP. Pure NENP : a-axis (0), b-axis (・) ; 

NENP : Cu 0.36atOIo : a-axis (口)， b-むds (・) ; 

NENP : Cu 0.62at% : a-axis (ð), b-axis (ﾂ). (Quoted 

from ref. 76) 
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Electron spin resonance (ESR) measurement 3-2. 
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The ESR experiments were performed by using X-band 

spectrometer of JOEL JES-FE3AX system (Fig. 3・2・ 1) and K-band 

spectrometer constructed by the author (Fig. 3-2-2). 
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X -band ESR Spectrometer 3-2-l. 

The JES-FE3AX system is composed of the following units. 

an electronic console 1 

a microwave unit 

as出nple cavi匂T wi仕1 connecting wave guide 

2 

3 

a magnet and a magnet power supply 4 

The electronic console consists of the following modules and 

assembles : The magnetic field scanning unit provides direct field 

control (maximum field 13500 Oe) and regulation of the magnetic 

100 kHz and 80 Hz unit provides magnetic field The field. 

modulation with the frequency of 100 kHz or 80 Hz (modulation 

wid出 0.002-20 Oe), gain of the ampli白er and response time etc.. 

、
同
凶O
勺

The oscilloscope displays ESR signals for observation and is used for 

The X-Y recorder displays ESR tuning of 吐le spec廿ometer.

specむum as a function of magnetic field or time. 

The microwave unit consists of the following modules and 

assembles : The microwave bridge supplies the microwave power 

with the frequency ranging from 8.8 GHz to 9.6 GHz, which is 

generated by a Gunn-effect oscillator , to 仕le cavi匂T and detects ESR 

37 

The detection method is of 出e homodine crystal 匂rpe.

The reference arm design permits operation at the microwave power 

signals. 
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built in this unit. 

The 百le sample cavity is a cylindrical one wi仕1 TE011 mode. 

cavi匂r is designed for the use above liquid nitrogen temperature 

The magnet power τbe elec仕omagnet has a gap of 75 mm. 

supply provides 13 kW dc power to 出e magnet. 

K-band ESR spectrometer 

The K-band ESR spectrometer is composed of 仕le following 

apparatuses and units. 

Lock-in-Ampli白er (PAR124A : Princeton Applied Research) 

Temperature Controller (DRC-91A : Lake Shore Cryotronics. 
Inc.) 

Klysむon (20V10 : OKI Ceramic Industry Co..Ltd.) and 
Klystron Power Supply (EKS-7600 : ECHO electronics Co. ,Ltd.) 

3 

Power Arnplifier (BPA186A : METRONIX Co. .Ltd.) 4 
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3-2-2. 

1 

2 

Digital Voltmeter (HP3478A : Hewlett Packard Company) 

Superconducting Magnet and its Power Supply 
(OXFORD Instruments Ltd.) .

N
t
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.
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Computer (HP9000-360CH : Yokogawa-Hewlett-Packard Ltd.) 

Microwave components (Micro Device CO. ,Ltd.) 
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ESR signals are detected by 仕le cηrstal せlrough 仕le wave guide. 
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The output signal 

after phase sensitive detection is transferred to the computer 
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diode detector and fed to the 1ρck-in-Amplifier. 
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仕lrough 仕le digital voltmeter via the GPIB interface. A modulation 

field is applied to a s出nple by a small coil attached to 仕le cavi匂T.

The cηTomagnetic system consists of a superconducting solenoid 

which produces a vertical magnetic field centered at a sample 

position. The range of a static magnetic field generated with the 

superconducting magnet is from 0 T to 12.5 T. The strength of the 

magnetic field is measured by reading the value of the current fed to 

the superconducting solenoid. The temperature of the sample c出1

be set between 1.5 K and 300 K. The program for 仕le ESR 

measurement was written by 廿le au thor. The ESR signals are 

plotted out on 仕le XY plotter. 

3-2-3. Detection of ESR signals 

In both of the X-and K-band spec仕ometers，せle ESR sample in 

the cavity 1s 1rradiated with microwave energy from the Gunn-effect 

oscillator or the Klystron-oscillator. At resonance fields , a change of 

仕le loaded Q value occurs for a fixed microwave frequency. The 

microwave energy ch出1ge at the resonance fields is detected by the 

cηTstal detector. After detection at the cηTstal ， the field modulated 

signal con taining 出e ESR information is amplified , and is phase-

detected to obtain 廿le ESR spec位um.

3-2-4. X-band ESR cηTostat 

A cryostat \\札出仕le rectangular resonant cavity 行E102 mode) is 

used at X-band measurement. The temperature between 1.6 K and 

4.2 K can be obtained by reducing the vapor pressure of liquid 

helium. The temperature above 4.2 K can be obtained by the 

temperature control unit with the two heaters. The low 

40 

temperature apparatus consists of two Dewar's vessels , a cap and a 

support (Fig. 3-2-3). Each Dewar has 出1 unsilvered s仕ip window 

along its leng出 for ni甘ogen and helium level observation. The cap 

provides a vacuum tight seal at 仕le top of the inner Dewar. The 

cηTostat fl出1ge is screwed on 仕le cap and an O-ring seal is used. A 

mica plate and an O-ring are used to seal the top of 仕le wave guide. 

3・2-5. Temperature control system 

The temperature control system shown in Fig. 3-2-4 is used 

above 4.2 K. The apparatus consists of a carbon-glass resistance 

thermometer , two heaters (Ra and Rb) , a current power supply and 

DRC-91C temperature controller (Lake Shore Cryotronics ,Inc.). The 

temperature is controlled with 仕le following manner. The 

temperature can be read directly in 仕le temperature range between 

1.5 K and 100 K by the DRC-91C controller. The temperature of the 

sample is controlled automatically either by heating 仕le sample by Ra 

or cooling it by cold helium vapor boiled with heater Rb. The output 

current to the heater Ra is controlled with a PID (Proportional , 

Integral 出ld Derivative) manner. In this way, the temperature is 

kept within O. 1 K. 

Similarly, temperature above liquid nitrogen can be obtained by 

using liquid ni甘ogen instead of liquid helium. The sample is glued 

to 仕le cavity by Apiezon N grease or high vacuum grease to keep a 

good thermal contact. The wires from the thermometer and the 

heaters are connected to a hermetic seal connecter at the cryostat 

flange (Fig. 3-2-3). 
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Fig. 3-2-4. A schematic diagram of the temperature control 

system for 仕le X-band ESR specむometer. Ra is used 

as a heater to waロn 廿le sample and Rb is a heater for 

(X-band). 

vaponzing liquid helium. 
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3-3. Magnet包ation measurement 

3-3・ 1. SQUID susceptometer 

Magnetization measurements were performed by using S600 

SQUID ~uperconducting Q!lantum lnterference Device) 

susceptometer made by CηTogenic Consultants Limited. The block 

diagram of the S600 system is illustrated in Fig. 3-3-1. 

This system consists of four main components. 

a. Cryostat / Insert 

a A Cryostat / Insert 

b A Superconducting magnet 

c A Control Cabinet 

d A Computer System 

The cηTOstat consists of an aluminium outer shell containing a 

helium reservoir constructed from welded aluminium and glass 

自ber/ epo司T composite neck and t出1 sections. A niobium can is 

mounted in the lower section of the tail section. Radiation heat load 

to the helium reservoir (35 liters) is minimized using both ni仕ogen

cooled and gas cooled radiation shields toge仕ler with multi-layer 

superinsulation. The rate of liquid helium consumption with magnet 

in persistent mode and variable temperature insert (VrI) stable is 

3 liters/ day. The cηrostat is surrounded by a single Mu-metal shield 

which reduces the ambient field within the helium reservoir to a few 

micro-Tesla. The temperature at sample position ranges from 1.7 K 

to 325 K, and 仕le temperature accuracy of sample is 0.5 multiplied 

T (K) 0/0. The temperature uniformity over sample 
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Fig. 3-3-1. Block diagram of 仕le S600 SQUID susceptometer. 

45 



measurement space is i:0.1 K at 10 K and i:0.5 K at 325 K. The 

sample transport mechanism is bolted onto the top of the insert. 

b. Superconducting magnet 

The magnet system consists of a superconducting solenoid 

which produces a vertical magnetic field centered at a sample 

position wi仕lin a VfI space. The range of a static magnetic field 

generated with the superconducting magnet is from 0 T to 6.5 T , 

and 仕le direction of magnetic field can be changed by the current 

switching unit. Field resolution is 1 Oe and accuracy of the field is 

less than 1 0/0. 

c. Control Cabinet 

The control cabinet houses all the m吋or electronic components 

necessaη， to operate the susceptometer wi仕1 仕le exception of the 

computer. These components are as follows : 

1. SCU 500 SQUID electronics 

In flux-locked mode , it detects the output signal from the pick up 

coils. This signal is fed directly to the data acquisition system. 

2. DLG 2000 Helium level meter 

This unit measures the level of helium liquid in millimeter within 

仕le cηTostat. 

3. Data Acquisition System (DAS) 

It is used to control all analogue and digital inputs/outputs to the 

system hardware with the exception of the power supply and 

temperature controller. 

4. Temperature Controller 

Lakeshore DRC91C model temperature controller which monitors 

two independent thermometers located within the VfI. 

5. PS80C Power Supply 

Superconducting magnet power supply is capable of delivering 

80 amps at 5 volts. 

6. BP2 Current Switching Unit 

It allows current sense reversal in the superconducting magnet 

which is necessary when making hysteresis measurements. 

7. Valve Block 

This contains a network of solenoid valves used in 仕le operation of 

仕le variable temperature insert. 

8. Pumping Station 

It houses a 2-stage rotary vane pump to draw gaseous helium 

出rough the variable temperature insert. 

d. Computer System 

The computer control system comprises an EPSON Ax3 

computer wi仕1 40 MB hard disk and 1.2 MB 5 and 1/4" disk drive , 

monochrome monitor with video graphics array (VGA) graphics 

capabili匂T and 24 pin dot matrix printer. An associated peripheral 

device to be positioned next to the computer is the sample 仕ansport

power supply. 

3-3-2. Method of signal detection 100) 

A schematic view of SQUID detection is shown in Fig. 3-3-2. 

When a sample passes through the second order gradiometer pickｭ

up coil, the signal is picked up with the coil. This pick-up coil is 

connected to the input coil which couples mutual-inductively to a 



superconducting ring with a Josephson junction 仕lat is used for 
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Supp1y ?ower 
measurement of magnetic flux with the sensitivity approaching 

The output voltage via a resonant circuit, which 10・ 11 gauss.cm2. 
Crγostat Top P1a 七 e

couples inductively to 仕le ring むld is driven by an rf bias (20 MHz). 

is amplified and then detected with SCU 500 SgUID electronics. 

Magnetic moment sensitivi匂T is 10・8 emu and d戸1創nic range lies 

The absolute value of magnetization was from ::!::10-7 to 10-1 emu. 

日ck-calibrated by using a single crystal of Fe(NH4) (S04)2・ 12H20.

up coil heater is used to reduce remanent magnetic flux in the pick-
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Schematic view of SgUID detection 釘ld magnet 

48 

circuitηr 

Fig. 3-3-2. 

『ーー- 一一ー-ーー .._ L ーーーーーーー



H 

3-4. High field magnetization measurement 合
3-4-1. Magnet system 

The high field magnet包ation measurement was carried out at 

the High Magnetic Field LaboratoηT of Research Center for Extreme 

Materials , Osaka Universi句人 The D-2 magnet system with the 

1.25 MJ capacitor bank was used in 出is work. A two layered 

magnet 150(2L)20 was used , which can produce fields up to 

700 kOe with the pulse width of 0.4 msec wi出in 18 mm  inner 

diameter. The magnetic field is monitored by a field pick-up coil 

and recorded in a digital recorder. 

(0 i 1 ( 

Specimen 

p ;' c k U p (0; 1 

3-4-2. Me出od of magnetization measurement101) 

The magnetization is measured by using a balanced pick-up coil 

system. The technique of reducing the background f1ux change due 

to a transient field , which is usually 104-106 times larger than the 

f1ux change caused by the magnetization of the specimen , is shown 

schematically in Fig. 3-4-1 (a). The A-coil picks up the magnetic 

f1ux changes of the specimen 創ld the extemal field while the B-coil 

is wound oppositely to the A-coil in order to compensate the 

background flux change. A fine adjustment is established wi白血e

one turn C-coil. 

Figure 3-4-1 (b) is a cut view of the standard pick-up coil which 

has been used in this laboratory. Considering the field duration and 

frequency response , the A-coil is wound with 80 turns on a ~.O mm  

diameter bakelite pipe. The B-coil is wound with 40 turns coaxially 

on the A-coil in opposite direction to 廿le A-coil and 仕le C-coil with 

1 turn on 出e B-coil. The cross section of the B-coil is twice as large 

Fig. 3-4-1. 
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(a) 日ck-up coils and the method of magnetic flux 

compensation (b) Cut view of the standard pick-up coil. 

(Quoted from ref. 101) 
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Other techniques 3-4-3. 

The block diagram of 仕le magnetization measurement system is 

All the magnetization measurements were shown in Fig. 3-4-2. 

carried out at 1.3 K by pumping 4He in a quartz dewar connected to a 
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The temperature of the specimen was monitored by vacuum pump. 
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The specimen was a gold-iron (0.070/0) vs. silver thermo-couple. 

located into a teflon tube with the inner diameter of 2.4 mm  and was 

The teflon tube was mounted on fixed with alumina (Al203) powder. 
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f=9.260GHz 

R .T. ESR experiment on Cu : NENP ~ 4. 

Hllc-axis 

(
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ESR signals observed at X-and K-bands 4-l. 

The sample used in this experiment88 ,89) is a single crystal of 

2720 

4.2K (c ) 
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We show in Fig. 4-1-1 仕le ESR NENP containing 0.7 at% Cu2+. 

signals obtained for the frequency of about 9.5 GHz at room 

temperature , 77 K and 4.2 K when the external magnetic field is 

These are derivative signals (dχ"jdH) of the applied along 仕le c axis. 

The absorption intensity (χ") wi仕1 respect to magnetic field (H). 

。
〉
C
3
2
2
2

On signal at 77 K is almost the same as 出at at room temperature. 

the other hand , the signal at 4.2 K is largely different from those at 

The ESR signals for the frequency of about 仕le high temperatures. 

9.25 GHz at 4.2 K along 仕le 仕lree cηTstallographic a , b and c axes are 

In Fig. 4-1-3，仕le ESR signals observed for the shown in Fig. 4-1-2. 

H IIc-ax is 
frequency of about 22 GHz are shown when the external magnetic 

Here , we take for the resonance fields is applied to 廿le b-or c-ωås. 

5720 
fields the magnetic fields corresponding to 仕le midpoint of peak-to-

3220 720 peak height in the derivative curves. 

(Oe) Field Magnetic The g values of the rightmost and leftmost ESR lines along 廿le

From these facts. it is evident that b-and c-axes are far from 2.0. 

the ESR lines observed at the low temperatures do not come from 

ESR signals from a single cηTStal of Cu2+ : NENP Fig. 4-1-l. 
lt is also clear 出at the ESR free Cu2+ ions isolated from the chains. 

obtained at (a) room temperature , (b) 77 K むld
signal is not due to Cu2+ spin coupled with an S=l Ni2+ because the D 

(c) 4.2 K, when the external magnetic field is applied 
The value of the value of NENP is about 10 cm-1 (see Table 2-2-1). 

N ote that the scale of 仕le magnetic 

field in (c) is expanded comp紅ed to (a) and (b). 

along せle c-axis. 
Haldane gap energy in NENP has been obtained from the neutron 
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Fig. 4-1-2. ESR signals in O.7at% Cu : NENP at 4.2 K for せle
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cηTstallographic a , b 出ld c axes. 
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Fig. 4-1-3. ESR signals in O.7at% Cu : NENP at 4.2 K for the 

frequency of about 22 GHz, when the external 

magnetic field is applied to 廿le b-or c-axis. 
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scattering study74-76) to be 1.17 meV (283 GHz). which is far beyond 

the frequency of the present experiment. Therefore. one has to 

look for another origin of the ESR lines. 

4-2. Temperature dependence 

We have studied the temperature dependence of the ESR signals 

obtained at 9.25 GHz.τbe signal along 仕le c-axis is presented in 

Fig. 4-2-1 at 仕le designated temperatures. Since all the signals 

show the same temperature dependence. the intensity of 出e

rightmost line in Fig. 4-2-1 is plotted as a function of temperature in 

Fig. 4-2-2. Here. 仕le intensi匂T is defined by Ipp(~H)2.. where Ipp is 

the peak-to-peak height of the derivative signal and ~H is the peakｭ

to-peak width. We discuss the temperature dependence of the 

intensity of 仕1e ESR line (Fig. 4-2-2) in the next section (~ 5). 
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(Oe) 

3220 

Field M agnet ic 

720 

We show here 仕le intensi匂T of the Cu2+: NENP. 

The solid line is 仕le fit rightmost signal in Fig. 4-2-1. Temperature dependence of the ESR signal in Fig. 4-2-1. 

to Eq. (5-2-1) with the HaIdane gap energy Cu2+ : NENP, when the external magnetic field is 

EG/kB=13 K. In the a-and b-axes , we obtain directed to the c-axis. 
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the similar temperature dependence of the ESR signal. 
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1n 仕le ESR measurement on 0.7 at% Cu : NENP. we have found 

仕lat the central signal along 仕le b-axis has a structure (see 

We have used a single crystal of NENP Figs. 4-1-2 and 4-1-3). 

containing 0.1 at% Cu2+ in order to study the structure in more 
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We show in Fig. 4-4-1 仕le ESR signal obtained at 1.6 K for detail. 

坤一the frequency of 9.21 GHz when the extemal magnetic field is 

The structure is well resolved. applied along the chain axis (b-axis). 
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spacing of the four lines in one set is almost three times larger 出an

Since the spacing of 仕le lines 紅e of the order of that in 仕le 0仕ler.

10-100 Oe (30-300 MHz), it is natural to interpret these lines as 

げ〉arising from hyperfine interaction. 

Copper atom has two isotopes , namely, Cu63 (69.10/0) and 
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Nickel Both of them have the nuclear spin 1=3/2. Cu65 (30.90/0). 

However, the fact that the intensity of 仕leatom has also 1=3/2. 

hyperfine signal increases with Cu concentration means 仕le main 

The origin of 仕le ESR signal comes from the nuclear spin of Cu. 

ratio of 仕le hyperfine constants of the Cu isotopes has been obtained 

from atomic beam experiment as A(Cu63)/ A(Cu65)=0.933567:t2103). 

The hyperfine splitting due to the two Cu isotopes is too small to be 

Therefore. one has to observed in an ordinary ESR measurement. 

look for another origin. 
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5-1. Model Hamiltonian 

The Hamiltonian expressing the model system illustrated in 

=-2(S1+ S2)JS+μB( S1 + S2) gNiH +μB S geu H B ~ 5eu .1¥(5-1-1) 

。

geuJ , (5-1-2) 

where J is the Ni-Cu exchange interaction tensor , S1 , S2 (= 1/2) the 

spin variables induced at 仕le Ni sites neighboring Cu impurity, 

三 (=1/2) the Cu2+ spin , gNi and gとu 出e g tensors of Ni and Cu spins , 

It should be noted that , despite the much larger D respectively. 

teロn anisotropy in 仕le Ni chains , no D term is possible for the 

の
七
【ω
C
ω
ω口
吋
口

c
m
U
』
【
何U
2
ω
l
H
O
ω
耳
判
ω
』
判
官
H
ω
ω
ω』
門
凶
ω

』
的
【
出
口
切
百
ω
ぷ
判
』ω
日
)
ロ
ロ
ロ
区
吋
ト
H℃
の
ぷ
υ
=
ω
Z
ト

Fig. 1-2-4(b) may be written as. 

》ぞ

g~ 0 

g5110 

。

fractional spin degrees of freedom at the chain ends because 出ey

Therefore. the aniso仕opy is not larger than that of the have S=1/2. 

Cu-Ni exchange interaction. 

Since Cu concentration is small (-0.7 at. 0/0に we can neglect 出e

ub 
n
 

誌T
 

exchange and dipolar interactions between the Cu2+ spins . 

• 
(
の
ー
で
凶
)
口
豆
ロ

o
話
回
目
白

ω
￡

Z
H刊
注
目
)
お2
2
υ
司
ω

.
℃
右G
U
羽
ω
ロ
日
明
何
百

。

\
o
v
o一。

刀
一ω
一h
一
υ
一}
φ
c
o
o
芝

主
こ

o
u

刃
ω
ω

古
ω

甘
口
色
村ω
g
g

口
注

O
ぷ
ω
ω
-
H
d
H
d
l司
・
切
に
口
二0
0
0
0
め
℃
口
2
0
・
詩
句
ω
と
忠
告
の
司
ロ
∞
百
出
の
凶

(
ω
O
)
 

一一歩

0
.
N
M
m
 

N

工
ο
←N
.
m
H
F

v
-
ω
.← 

ω
一
X
O
1
2
\
\
工

0
0山
内

。

。

gcu = 

。

z 
gNi 

gLi O 

gEi O 

。

。

。

gNi = 

、
.
1
1
B
B
B
E
E
-
E
E
E
『

f
t
f

J

O
G
-

内

0

4

0

 

九
0
0

J
，

I
t
f
i
l
l
a
-
-

‘B
I
B
E
-
-
、
、

一
一

T
U
 

with 

0
0
0門

コ
しJ

一
己
Z
U
Z the Ni-Cu distance along the chain as -5 Ã96) , the dipole-dipole 0

0
ω
N
 

interaction between the fractional spin and Cu2+ spin is of the order N
，
吋v
l
A
V・
切
刊
'
山

of 0.01 cm- 1, which may be neglected compared with the exchange 

(See 85-3). interaction between them 
uor~dJosqV 8八巴A八OJ8! V\I(HP/“χp) 



In 仕le analysis of the experimental data on NENP containing 

0.1 at% Cu impurities901 , we have to consider the hyperfine 

interaction. In this case , the Hamiltonian may be written as , 

}( = -2 ( S; +ζ)35+μs( S; +忌)ぷi 豆 +μBEιJ+Iμ， (5-1-3)

with 

where Iis the Cu nuclear spin(I=3/2}and A is the hyperfine 

constant tensor. Here , we have assumed Ax=Ay(=Aょ). 

70 

(5-1-4) 

5-2. Temperature dependence 

We find that the observed intensity (Fig. 4-2-2) can be fitted , for 

4.2 K く T く 7.5 K, by 仕le phenomenological formula : 

1 = 10 {l-exp(ー σ/kBT )}{exp( EG /kBT )-1 }, (5-2-1) 

where 10 is a constant， σthe energy difference between 廿le two 

levels pertaining to 廿le ESR. The first factor is standard , fo11o\\司ng

from the balance between emission and absorption. The second 

factor , involving 仕le Haldane gap energy EG , ref1ects the growing 

probability of 白nding isolated three spin systems as 仕le temperature 

is reduced below the Haldane gap. At higher temperatures , 

magnetic excitations will exist in the chains. These excited states 

will interact with 廿le three spin systems , broadening and we叫αning

仕le ESR signal. The fu11 curve in Fig. 4-2-2 is drawn using 

Eq. (5-2-1) wi仕1 EG/kB=13 K. This value of EG is 仕le same as 仕lat

obtained from the ESR measurement on NENp79). 

Recently , Mitra et al.l04) have proposed a theory on the 

temperature dependence of the ESR signals in NENP : Cu. The 

intensity I(T) is given theoretica11y by, 

I(T) 
h゚vo ~ exp[ ー(π-1/2Lmin 入子-1) e-゚Ec ] 

= I(O) tanh( 一士一)
乙 l+7E-l/2hu e-PEG , 

入T 三~(土 //2
2π2EG , 

7 1 

(5-2-2) 

(5-2-3) 
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where 1(0) is the intensity at 0 K，戸=1 jkBT, Lmin a lower cut off 

chain leng仕1 discussed in ref. 104, 2n入T the de-Broglie 仕lermal wave 

length of the boson , 1ベ3 仕le average leng仕1 of the chain and c the 

effective "veloci匂T of light" (EG=mc2). 

even if a A physical explanation of this theory is 仕le following : 

single excitation is present on the chain , the resonance line is 

以
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E 
ClJ 

トベ
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ぜ‘

broadened out, because the excitation traverses 仕le en tire chain and 

Therefore , the intensity is interacts with the trimer spins. 

トイデ---1

proportional to 仕le probability of 白nding a chain with no excitation 

トイチイ

Mitra et al. have compared 仕le theory with the experiment 

The res ult of 仕le comparison is shown in on 0.7 at号ó Cu : NENP. 

Fig. 5-2-1. 

present. 
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5-3. Angular dependence 

We calculate the angular dependence of the resonance fields 

The angul訂 dependence of the with the Hamiltonian (5-1-1). 
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We have used the following 

values for the p訂ameters to fit the data : J x =O.83cm- 1 , J y=O.79cm- 1, 

hyperfine lines is discussed in ~ 5-5. 

J z=O.67cm- 1 , gNix =2.OO , gNiY=2.02 , gNiz=2.15 , gcux=2.08. gcuY=2.10 

The directions x , y and z correspond to the and gcuz=2.24. 

The g-values of Cu2+ cηTstallographic c , a and b axes , respectively. 

are obtained by 白tting the hyperfine signals wi仕1 Eq. (5-1-3) as will 

Therefore , the g-values of Cu2+ are not be discussed in ~ 5-5. 

and 4-3-1 (c) 

adjustable parameters here. 

The solid curves in Figs. 4-3-1 (a), 4-3-l(b) 

The agreement between represent the results of the calculation. 

the experiment 出ld 仕le theory is satisfactory for 仕le b-and c-planes. 

In the a-plane , the experimental resonance fields are slightly 

ーIn order to have a better different from 仕le theoretical ones. 

The solid agreement, we introduce two kinds of ligand around Cu2+. 

curves in Fig. 5-3-1 show the theoretical transition fields when 仕le

This situation z-axis is tilted from the b-axis by ::t80 in 仕le a-plane. 

corresponds to the two kinds of Ni sites in the crystal structure of 

These solid curves satisfactorily 白t to the experimental data. NENP. 

The tilting of 仕le local cηrstal axis discussed above has been also 

In order to explain observed in the NMR measurement in ref. 85. 

the observation of the Ni2+ moment perpendicular to the applied 

field in 仕le NMR experiment on NENP , they assumed that 仕le

principal axis of g tensor is tilted from 吐le b-axis , ref1ecting 仕le local 

?、、

θ1 5uV (seeJ5ep) 

They used the tilting angle of ::t100 for the fit of crystal symmetry. 
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the experimental data , which is close to 仕le one obtained in 出is

study (180
). 

We discuss the anisotropy in the exch出1ge constants between 

the fractional and Cu2+ spins denoted by JxNi-Cu , JyNi-Cu and JzNi-Cu. 

Because the fractionaI spin has S= 1 /2 , no single ion anisotropy terms 

(D , E) are possible. Thus the single ion anisotropies in NENP should 

be ref1ected in 仕le anisotropy of the exchange constants JxNi-Ni, 

JyNi-Ni and JzNi-Ni between the 8=1/2 degrees of freedom as , 

Ni-Ni TNi-Ni A TNi-Ni E _ J~l- I''U _ Jy=AJ勾F

D Jr山i _ (Jri-Ni + J~凶i)/2 ð,.JNi-Ni 
(5-3・ 1)

This anisotropy in JNi-Ni should then be 仕le main origin of 仕le

包1isotropy in 仕le exchange constant between 仕le fractionaI and Cu 

spins. In estimating 仕le exch出1ge constants , we assume 仕le

following relation which has been widely used in 仕le field of random 

magnetism , 

J~印U ーイJ~山 J cu-cu 
y u x, y. Z'UX. y. Z (5-3-2) 

Using the known relation (ð,.g/ g)2J which gives 仕le aniso仕opy in 

exch出1ge ， we have the value 0.06 for !1JxyNi-Cu /企JNi-Cu ， whereas the 

experimentaI vaIue is 0.28. The experimental value of E/D is 0.08. 

From 仕le above consideration , we have 

!1J~-Cu 
O(~) = O(L1U~ _ ) 

D' ð,_JNi-CU (5-3-3) 

76 

5-4. Energy diagram 

We calculate the energy levels of 出is model system in order to 

compare 仕le experimental data observed at X-and K-bands with the 

出eoηT. In Fig. 5-4-1 are shown the energy values calculated with 

the Hamiltonian (Eq. (5-1-1)) as a function of external magnetic 

field , when H is applied to the b-or 仕le c-axis. Here , we have used 

仕le same values for the parameters as in ~ 5-3 : J x=0.83cm-1, 

J y=0.79cm- 1, J z=0.67cm- 1, gNix=2.00 , gcux=2.08 , gNiz=2.15 and 

gCuz=2.24. The sign of 仕le exchange constants is determined from 

the temperature dependence of 仕le rightmost signals in Fig. 5-4-2 

observed at 1.5 K, 1.8 K and 4.2 K for the frequency of -22 GHz. In 

仕le case of H/ / b-ωds，仕le intensity of the rightmost signal becomes 

larger as 仕le temperature is decreased , while the situation is 

reversed in the case of H/ / c-axis. The gz-value of Ni2+ is 仕le same 

as 出at obtained from the susceptibility measurement and the 

gX-value of Ni2+ is slightly smaller than that (see Table 2-1-1)96). 

The aπows at the bottom in Fig. 5-4-1 show the experimental 

resonance fields with s仕onger intensi匂T (the bigger circles in 

Fig. 4-3-1) , and the broken arrows between the sublevels represent 

the theoretical transitions. We see 仕lat the agreement between the 

theory and the experiment is good. 
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5-5. Hyperfine lines 

First, we discuss 仕le reason why we have observed the two sets 

of hyperfine lines and why the spacing of the four lines in one set is 

almost three times larger than 出at in the other. For the sake of 

simplici匂T ， we use 仕le iso仕opic Hamiltonian where Jx=Jy=Jz=J. and 

仕le g-values of Ni (gN� and Cu (gcu) have the same value (gNi=gCu=g). 

When the external magnetic field is applied to 仕le z-axis. 仕le

Hamiltonian is expressed as. 

ー→ー→→ z _ z Z , _ Z Z , _x x _ y y 
�1f_ = -2J (S 1 +S2) s + gμB H (S; + S 2 + s ~ ) + A // 1 ~ s -+ A j_ (I --s --+ C s J ) • ( 5 _ 5 _ 1 ) 

Because the latter two terms (-10-2 cm-1) are much smaller than the 

former two (10・ 1-1 cm-1). we calculate the eigen states of the 

Hamiltonian (5-5-1) using 仕le first order perturbation theoηT. All 

the eigen functions and the eigen values are given in Appendix 1. 

The conditions for the allowed transitions to occur in ESR are 

~Sm =11 and ~m=O. where ~Sm is 仕le change in 仕le quantum 

number of the resultant electron spin , ~m 仕lat of the Cu n uclear 

spin. The resonance frequencies are given as a function of external 

field as , 

hVQ = gμBH + A// m. (5-5-2) 

hVQ = gμBH + A// m/3. (5-5-3) 

where m (m=3/2. 1/2 , -1/2 and -3/2) is the qu創1tum number of the 

Cu nuclear spin. The resultant spin S' (=S1 +S2) consists of a singlet 

80 

(S'=O) and a triplet (S'=l). This singlet and the Cu spin (s=1/2) 

couple to form a doublet (denoted by a). On the other hand. the 

triplet 創ld the Cu spin couple to form a doublet (denoted by b) and a 

quartet. Equation (5-5-2) corresponds to the transitions between 

仕le sublevels in 仕le doublet a. むld Eq. (5-5-3) to those in 廿le doublet 

b and the quartet. Therefore. we have two kinds of hyperfine 

structure , one of which has three times larger spacing than the 

other. 

Next, we analyze the angular dependence of one set of the 

hyperfine lines whose spacing is wider than that of the other. Since 

this set of hyperfine lines corresponds to the case of the singlet 

(S'=O)state of the resultant spinS¥we use 出e following 

Hamil tonian 

》ε=μBsgω 亘+了孟 5

=gLULLB SZH cosO+gEuLiB SXH sinO+ApIzsz+Ai(Ixsx+IYsY) 

,(5-5-4) 

where 8 is the angle between the external magnetic field and the 

chain axis (z / / b) in 廿le bc-plane. In 95-3. we tilted 仕le principal 

axis from 仕le b-axis in the bc-plane for the 白t of the resonance fields. 

We , however. take here the b-a刻s as a principal one. The result is 

shown in Fig. 5-5-1. where the open circles represent 仕le

experimental data and the solid lines the transition fields calculated 

with the Hamiltonian (Eq. (5-5-4)). The resonance fields are 

calculated in Appendix 11 using the second order perturbation 

theoη人 the latter two terms in Eq. (5-5-4) being a perturbation. 

8 1 
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The parameters 訂e obtained from the fit of 出e experiment as 

IAIII =188x10-4cm-1 (0.565 GHz) and &CU=2.24. ~Cu=2.08. follows: 

The values of the hyper白neIA上 I =30.0x10・4cm- 1 (0.090GHz). 

constant are those generally accepted for the hyperfine constant of 

The 

g-value along 仕le y-axis is also obtained to be gyCu=2.10 from 仕le

analysis of 仕le data (H/ /a). 

The energy levels calculated with the Hamiltonian (Eq. (5-1-3)) 

Here we use are shown in Fig. 5-5-2 as a function of magnetic field. 

仕le same values of the parameters (Jx. Jy, Jz etc.) obtained in 出e

previous subsection, and the g-values of Cu and 仕le hyperfine 

The lines drawn between the calculated constants obtained above. 

We see three levels in Fig. 5-5-2 represent the allowed transitions. 

sets of four lines around 3000 Oe for the frequency of 9.210 GHz. 

Since the highest levels are located at about 50 GHz (2.4 K) above the 

o仕lers ， we can not observe the signals from them at the low 

Therefore. we see two sets of hyperfine lines temperature (1.6 K). 

The ticks in Fig. 4-4-2 show the resonance in 仕le experiment. 

When the fields calculated with the Hamiltonian (Eq. (5-1-3)). 

magnetic field is applied to the c-or a -axes. 仕le hyperfine constant 

(A上) is so small 出at we can not see the hyperfine structure. 

Next. we discuss the large aniso廿opy in 仕le hyperfine constant 
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The study of hyperfine signals from based on a ligand field theory. 

Cu2+ in some single crystals and Cu complexes in solution or 出e

vitreous state was carried out by Maki and McGarveyl05) , Kivelson 

Taking into account 

the covalent character of the bonding wi仕1 仕le ligands，廿ley

and N eiman 1 06) and Gersmann and Swalen 107). 
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Fig. 5-5-2. 

50 calculated the par出neters of the spin Hamiltonian by applying 

second order perturbation theory. 

羽弓len a Ni atom in NENP is substituted by a Cu atom. 仕le Cu 

atom is placed under a distorted orthorhombic ligand field. We. 

hereafter, approximate this ligand 白eld by a te仕agonal one , because 

&c-gy is very small (0.02). Since 仕le distance between ligands and 

廿le copper atom along the chain axis is longer 仕lan 出atin 仕le plane 

perpendicular to the chain axis，仕le ground state is in dx2 _y2 orbital 

state. In this case , the parameters are written as follows : 

40 

30 

H // b-GXiS 

JQ(C m-1 )二 0.79
J
b
( c m-1 

) = 0.67 

Jc(cr�' )二 0.83

ﾄ//( GHz) ニ 0.565

Aょ (GHz)=0.090

gb(Ni) 二 2.15

gb(CU) 二 2.24
20 

10 

where 入 represents the spin-orbit coupling constant, �.Exy and �.Exz 

the energy difference between the ground state (dx2 _y2) and dxy 

state , and 出at between dx2 _y2 and dxz states , respectively， α， ﾟ and 0 

overlap parameters between 3d orbital and 2p ligand orbitals , f(日)

訂ld g(o) are small parameters of about 0.1 defined in ref. 107, 1c a 

g/ / = 2.0023 -(8入/�.Exy)[a2゚2-f(゚)] 
(5-5-5) 

。

gj_ = 2.0023 -(2入/ð.E氾)[α202_ g(8)] , (5 ・ 5-6)

.，...， 2 内

A// = P [-a2( ~ +1C)ー 2入α2( ごL+~~)]
I �.Exy I �.Exz (5-5-7) 

Aj_ = P [α2( ~ -1C) _ ~~也記 l
7 / 14δExz; (5-5-8) 

。 1 2 3 4 

Magnetic Field(kOe) 

「
コ

Energy levels calculated with 仕le Hamiltonian 

(Eq. (5-1-3)) as a function of external magnetic 白eld.

The solid lines drawn between the energy levels 

represent 仕le theoretica1 transitions. We see three 

parameter representing the isotropic Fermi contact interaction. In 

the latter two expressions , P is given by, 

sets of four lines around 3000 Oe. 
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P=2ycuμBμNくdx2 _y2 11/r31 dx2_y2>, (5-5-9) 

where YCu is 廿le g)庁omagnetic ratio of the copper nucleus and 

<dx2 _y2 I 1/ r3 I dx2 _y2> 仕le average value of l/r3 for a free Cu ion. 

百四 parametersα， ﾟ and 8 represent the effects of covalency. 

For instance , ifα2= 1, the bond would be completely ionic. On the 

other hand , ifα2=0.5 ， the bond would be completely covalent. We 

use the value -828cm-1 for λdeteロnined spectroscopically. The 

parameter P has been calculated to be 0.036cm-1 by Abragam and 

PηTce 108). The estimated error in 仕lese quantities is about 30/0. The 

value of K is assumed to be about 0.43 wi出 an estimated uncertainty 

of about 50/0 as Kivelson and Neiman 106) did. Usually, ~E司， is about 

15000 cm-1 while ~Exz is about 25000 cm-1. 

Kivelson and Neiman have given an approximate formula for α 

as, 

α2= ー (A// /P) + ( g/ /ー2.0023) + 3( gl_-2.0023)/7 + 0.04. (5-5-10) 

Using the experimental values for A/ /, g/ / and ~ we have α2=0.84 

from Eq. (5-5-10). Then, we use the values of ß2=0.8 , 82=1 and 

~Exy= 15000 cm -1 as discussed in ref. 107. The energ)' difference 

~Exz is calculated to be about 28300 cm-1 from Eq. (5-5-7). Finally, 

by using these values , we obtain Aょ=-30x10-4 cm-1. This calculated 

value is in good agreement with the experimental value 

(IAム 1=30.0 x10-4 cm-1). We also calculate g/ / and g上 wi出

Eqs. (5-5-5) and (5-5-6). and obtain g/ /=2.27 with f(゚)=0.063 and 

gl_ =2.05 with g(8)=0.042 (ref.l07). The calculated g values are 

86 

slightly different from the experimental ones (g/ /=2.24 , gl_ =2.09 , 

gム三(gx+gy)/2). 
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5-6. Magnetization in Cu : NENP 

In this subsection , we compare 仕le magnetization data obtained 

from the static magnetization measurement by Renard et al.82) wi出

our calculation in order to test fur仕ler 仕le validiザ of our model. 

The eigen states for the Hamiltonian (Eq. (5-1-1)) along 仕le b-axis 

are obtained exactly 包ld 仕le magnetization is ca1culated むlalytica11y.

We have assumed that the three spin systems do (See Appendix III) 

not interact with each other because of the sma11 concentration of Cu 

We compare in Fig. 5-6-1 仕le magnetization data obtained impuri句人

In this comparison , we at 2 K in NENP : 6 at% Cu with the theoηT. 

have used the same va1ues of the parameters as those obtained in 出e

It should be stressed. therefore. that 出ese are no 

We see that the agreement between 仕le

theory and the experiment is excellent. 

ESR study. 

adjustable parameters. 
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High field magnetization process of Cu : NENP ~ 6. 

Experimental results 6-1. 

We have performed high field magnetization measurements911 

on Cu doped NENP in order to study the effect of impurity on the 

The s出nples used in the high field magnetization Haldane gap. 

measurements are single cηTstals of NENP containing small amounts 

We show in Fig. 6-1-1 (a) 仕leof Cu2+ (3.3 at% 訂ld 3.8 at%). 

magnetization (M) curves at 1.3 K along 仕le a-axis of 

0.00 
NENP: 3.8 at% Cu and pure NENP versus the external magnetic 

0.75 
In Fig. 6-1-1 (b) are shown 仕le M-H curves at 1.3 K along field (H). 

b-axis of NENP : 3.3 at% Cu and pure NENP. 仕le

向
、

H// b 

T= 1.3 K 

C U2+3.30•% 

NENP Pure 
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The magnetization of 仕le Cu doped sample along the b-axis 

increases steeply wi出 increasing external magnetic field and 

This behavior of the M -H curve is reaches a plateau around 2T. 

Then , the M -H curve shows another typical of a p訂amagnet.

increase above about 8 T which has the same slope as that obtained 

There is a hysteresiS in the low field region due to in pure NENP. 

The M-H curve in the low field the magnetocaloric effect 1 09). 

region. however, is 仕le same as that obtained from the static 

The behavior measurements (9 5-6) except for the hysteresis effect. 

40 30 

MAGNETIC FIELD (T) 
20 10 of the magnetization curve a10ng 仕le a-axis is similar to 出at a10ng 仕le

b-axis. 

(a) Magnetization curve at 1.3 K along 出e a-axis of Fig. 6-1-1. 

3.8at% Cu : NENP and of pure NENP versus the 

external magnetic field. 

(b) M-H curve at 1.3 K along 出e b-axis of 

3.3at% Cu : NENP and of pure NENP. 



H // a 

(a) T=1.3K 

ノジ/とu2+3 . 8ot o/。

NP 

0.75 

ハ
U

F
h
d
 

ハ
U

(
E
O
B
\
P

ユ
)
Z
O一
ト
《N
一
←ω
z
o
d
三

0.25 

Analysis 6-2. 

We We analyze the magnetization in 出e high field region. 

subtract the contribution of 出e paramagnetism due to the Ni-Cu-Ni 

trimers discussed in 95-6 from the magnetization curve of NENP : Cu 

(Fig. 6-1 ・ 1) in order to compare 出e magnet包ation in the high field 

The results are shown in Fig. 6-2-1. region with that of pure NENP. 

The solid and broken lines show the magnetization of NENP : Cu 
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The former is slightly smaller than the latter. NENP , respectively. 

This may be explained as follows : since 仕le Ni2+-Cu2+ exchange 

interaction is much weaker than 仕1e Ni2+-Ni2+ exchange interaction , 

仕1e system is approximated by an assembly of finite chains. 

Theoretically, the Haldane gap energy increases with decreasing 

The transition field where 仕lenumber of spins in 仕le ch剖n54).

energy gap vanishes shifts to the high field side with the increase of 

In the field range above HT and well the gap energy (Fig. 6-2-2). 

bellow the saturation field , the M-H curve of 出e NENP : Cu2+ should 

be parallel to 出at of pure NENP , because the Cu2+ concentration is 

From this consideration , we see that the M -H curve of small. 

ム G30 

MAGNETIC FIELD (T) 

20 1 0 NENP: Cu2+ lies below that of pure NENP. 

(a) Magnetization curve of 3.8at% Cu : NENP (solid Fig. 6-2-1. 
is calculated The increase of 仕le gap ener白T wi仕1 Cu2+ impuri匂r

line) after subtraction of the paramagnetic contribution 
When the external magnetic field is applied to the b-axis , 

仕le transition field is given by78) , 

as follows. 

from the data shown in Fig. 6-1-1 (a) , and 廿1at of pure 

The dotted lines show 仕leNENP (broken line). 

(6-2-1) HT =(EG -1 D 1 13)/gb μB ， hysteric p紅t of 仕1e magnetization curve in 出e impure 

sample. 

(b) M-H curve of 3.3at% Cu : NENP (solid line) after 

subtraction of the paramagnetic contribution and 

that of pure NENP (broken line). 

93 92 



, 
, , , , , The transition field where gb is 廿le g-value of Ni along 仕le b-axis. , 

(6-2-2) 

for the impure NENP is written as , 

HT' =(Ec'ー ID 1/3)/gbμB. 

ー ι 一ーーーーーーーーーー一ーーーー一一, , 
t , , 

〉
ο
庄
U Then , the increase of the gap energy is expressed as , EG J

F

U

 

F
」

、

、

、

、

、

、

z
u
 (6-2-3) .1.EG = EG'-Ec = gbμB (HT'-HT). 

Ground 

5tQte 
Using 仕le experimental value , HT'-HT ~l T，企EC is es timated to be 

γ
t
 

u
ハT

S
 

M
川 On the other hand , the theoretical increase (see Fig. 1-2-1 at 3 K. 

page 15) of the gap energy for the case of 30 spins corresponding to 

the concentration of 3.3 at% is at most 1 K. 
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A schematic presentation of 廿le field dependence of Fig. 6-2-2. 

the energy levels (upper part) and the magnetization 

The solid and broken lines stand 

for impure and pure NENP , respectively. 

curve (lower part). 
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FREQ = 9.255 GHz 
Zn:NENP 
T= 4.2 K 

Ho II b 

1/2 degrees of freedom in an undoped NENP Spin [3 7. 

Background 7-1. 

In [3 4 and [3 5 , we have discussed the novel ESR signals88-90) 

observed in Cu doped NENP samples which are well explained by the 

(
工
芝-M
U
)

model that 仕le va1ence bonds are broken at 仕le Cu sites resulting in 

HO I1 a 
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一
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the S= 1/2 degrees of freedom at 出e Ni sites neighboring Cu atoms. 

Chronologically, the fractiona1 spin was first observed by Hagiwara et 

Subsequently，仕le S= 1/2 degrees of freedom have been a188). 

observed by Glarum et al.92) in NENP doped with the non-magnetic 

The ESR signa1s observed in atoms such as Zn , Cd and Hg. 

We expect 廿le presence of the NENP : Zn are shown in Fig. 7-1-1. 

S=1/2 degrees of freedom even in pure S=1 LCHA substances , since 

there is a possibiliザ of finding finite magnetic chains in 廿le sぉnple

In this broken from infinite chains by, for example , crystal defects. 

section, we report the observation of the S= 1 /2 degrees of freedom 

in an imperfect single crysta1 of NENp93). 

4.0 3.0 3.5 
MAGNETIC FIELD ,Ho (kGAUSS) 

2.5 

ESR signa1s in NENP doped with 廿le nonmagnetic Fig. 7-1-l. 

They defined the fields Zn obtained by Glarum et a1" 

shown by the aπows (A' , B' , C' and D') as 仕le resonance 

(Quoted from ref. 92) fields. 
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Experimental results 7-2. 

f=9.216GHz T=1.7K We show in Fig. 7-2-1 the ESR signals931 in an imperfect single 

Hllb-axis 

(
工
℃\=
U
A

℃
)

crystal of NENP obtained at the frequency of 9.216 GHz when the 

We have extemal magnetic field is directed to 出e a- , b-or c-axes. 

Since all investigated 仕le temperature dependence of these signals. 

仕le signals have similar behavior, we have chosen for 仕lis study the 

T = 1.9 K c
o
一H
a
L
O
ω

ハ
ギ
〈

rightmost line in Fig. 7-2-1 when H is applied to the a-axis. 

Figure 7-2-2 shows a logari出m of 仕le signal intensity as a function of 

Here , the intensi匂T is defined in 仕le same way as temperature. 

We see that 出e intensity decreases rapidly mentioned in ~ 4-2. 

H//c-Qxis 

T = 1.8 K 

。
〉
回
3
2
0

一
三

wi仕1 increasing temperature as in 仕le case of Cu doped NENP 

presented in ~ 4-2. 

We then studied angular dependence of the ESR signals of 出is

In Fig. 7-2-3 訂e shown sample at 仕le frequency of about 9.22 GHz. 

the resonance fields when the external magnetic field is rotated in 

In the ca-plane (Fig. 7-2-3 (a)) , there 訂e仕le ca- , bc-or ab-planes. 

The ESR signals 1 and II six ESR signals labeled 1 廿lrough VI. 

The ESR signals 1, II , V 

and VI are essentially the same as those observed by Glarum et al.92) 

merge into 仕le signal III near 出e a-axis. 

From the in NENP doped with 仕le nonmagnetic atoms. 

3600 3400 3200 3000 2800 
temperature and angular dependences of the ESR lines in 仕le

Field (Oe) トl1 agnet1c
imperfect single crystal of NENP, we conclude that 仕le ESR signals 

come from the S= 1 /2 degrees of freedom produced at the ends of 

finite chains. 

ESR signals in an imperfect single crystal of NENP Fig. 7-2-1. 
In order to confirm further 出at we have observed the S= 1 /2 

for 仕le frequency of 9.216 GHz along the a- , b-and c-

axes. 

degrees of freedom , we have measured 仕le magnetization of the very 
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戸
山 broken (A' , B' , C' むld D') lines represent the transition 

fields calculated with Eq. (7-3-3). 
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As was demonstrated by 

Katsumata et al. 78) ，仕le magnetization of NENP is veηr small in 仕le

sample used in 仕le ESR experiment. 

low-field region and begins to increase sharply at the transition field 

(HT=13 T , 7.5 T and 11 T along 仕le a , b and c axes , respectively). 

1f, however , the NENP crystal contains 仕le S= 1/2 fractional spins , 

仕lese spins should give rise to a considerable amount of 

Figure 7-2-4 shows magnetization in 仕le low field region below HT. 

仕le magnetization at 4.2 K as a function of extemal magnetic field. 

We have subtracted the small magnetization of NENP observed at 4 K 

The result is shown in Fig. 7-2-5. by Renard et al.B2) from our data. 

We see in 出is 白gure a considerable amount of magnetization in 出e

imperfect crystal sample. 

め
lO
}
[

。
ー

。
。
O
H
l

cmhni 

。
。
の1

c
m
N
1
 

。。
のN

c
c
m
 

omhh 

coo-[ 

ﾗ 

州可
』N
Eド

.

U
W吋'
出

ロO!lBZ!fdUJ3B閃。/nUIdS~~)

103 102 



七
コ
O
の

ω
円
{
ト

Analysis 7-3. 

The solid curve in Fig. 7-2-5 represents 出e S= 1/2 Brillouin 

function with 50/0 magnetic atoms (others are assumed to be 

This gives 仕le average length (Lo) of forty Ni atoms nonmagnetic) • 

for the finite chains , because we have one S= 1 /2 spin at each end of 

In the early stage of the work , we have proposed the the chains. 

仕le(Eq. (5-2-1)) to explain phenomenological expression 

temperature dependence of the ESR intensity, since we had no 

Now we have the theoηr on the temperature theory on 廿lis.

Here , we compare 仕ledependence developed by Mitra et al104). 

temperature dependence of the ESR signal intensi匂r with the theory 

The solid curve in Fig. 7-2-2 shows the by Mitra et al. 104). 

The only one adjustable theoretical one with 1心=40 and Lmin =30. 

We see in Fig. 7-2-2 that the agreement between parぉneter is Lmin. 

the theory and the experiment is satisfactory. 

Next , we analyze 仕le 出19u1ar dependence of the ESR signals 

(7-3-1) 

(7 ・ 3-2)
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solid and dashed lines in Fig. 7-2-3 represent the standard formula 

for the 出19u1ar dependence of the g value given by, 



g2 =岳(2 cos29 + gy2 sin 29, (a) (7-3-3) 

where &c and gy are respectively 仕le g values along the local 

principal axes x and y. 出ld e is 仕le angle between H and 仕le x axis. 

In the ca-plane (Fig. 7-2-3 (a)). the broken lines labeled A' 

through D' represent 仕le theoretical curves with the g-values 

obtained by Glarum et al.92). The lines C' and D' have 仕le different 

local principal axes due to the two kinds of ligands around Ni atom 

which are formed by the ethylene diamine group with different 

configurations. The angle between the local principal axis of &c and 

the a-axis is determined to be 3l.40 (ref. 92) (Fig. 7-3-1 (a)). 百le

lines A' and B' also have 仕le different local principal axes. The 釘191e

仕lat the local principal axis of &c makes with the a-axis is 140 

(ref. 92) (Fig. 7-3-1 (b)). We use the same angles for the fit of the 

lines A. B , C and D. 

From 仕le fit of the experimental data with Eq. (7-3-3). we obtain 

the following values. 

C 

h
u
 

むA.B = 2.123 

C 

(7 -3-4) 

g~，B = 2.382 

for the lines A and B. and 

&cC.D = l.948 

Fig. 7-3-1. 

(7 -3-5) 

gyC ,D = l.812 

g 
y 

a 

g 
y 

a 

J gx 

.--g x 

τ、'0 kinds of the local principal axes (&出ld gy) of 

the g tensor 加出e ac-plane observed in 仕le ESR 

experiment92J. Inset: Arrangement of 仕le

molecules around Ni2+ in NENP. 



for the lines C and D. The present result (A, B , C and D) is slightly 

different from that obtained by Glarum et al. (A' , B' , C' and D'). This 

difference comes from the different definition of the resonance 

fields : Glarum et al. took for the resonance fields the fields at which 

仕le derivative of the signal is maximum for the lines A' and B' , and 

the derivative is minimum for the lines C' and D' (See Fig. 7-1 ・ 1). 

For 仕le lines A(B) and C(D) in the bc-plane (Fig. 7-2・ 3 (b)) , we 

use 仕le following values for 出e fit of the experimental data, 

&A(Bl = 2.146 

g~(B) = 2.368 

&:C(D) = 2.146 

gyC(D) = 1.850 

Similarly, we have 

&A(B) = 2.146 

g~(B) = 2.139 

岳(C(Dl = 2.146 

gyC(D) = 1.912 

(7-3-6) 

(7-3-7) 

(7-3-8) 

(7-3-9) 

for 仕le lines A(B) and C(D) in the ab-plane (Fig. 7-2-3 (c)). 1n these 

cases，せle local principal axes x and y correspond to the b- 出ld

c-axes , respectively, in 仕le bc-plane , and to 仕le b- おld a-axes , 

respectively, in the ab-plane. 

108 

We see another two signals around 3200 Oe in the ca-plane 伯le

signals II1 and IV). These two signals split into four in the bc-plane. 

The intensities of these signals have similar temperature 

dependence to those of the signals 1, II , V and VI. Thus , the signals 

1II and IV must come from the S= 1 /2 degrees of freedom. 

However, we have not yet succeeded in assigning their sites in the 

cηrstal. 
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where α1 and ゚  1 denote the eigen states of spin 1/2 and the others Appendix 1 

1m> is the nuclear spin states with magnetic are defined similarly, 

quantum number m. The hyperfine lines 加 the present model 

Accordingly, the eigen states for the Hamiltonian (AI-1) are 

calculated with the wave functions in (AI-2) using the first-order-

The eigen states may be wri tten as , perturbation theory. 

In this appendix, we calculate the eigen states and eigen 

functions of 仕le Hamiltonian (5-5-1) given by, 

Wl = -J +会副+乍 m

W2=-J+JgμBH+乍 m

Sm=-tm=-J-tgμBH -ヤ m

sm=-3W4= ー J-3g 凶一色Lm

J Sm = ~ Ws =勾+ド μBH -乍 m

t Sm = -~ W6 =勾-2 gμsH+与 m

ISm = ま叫=ド日+乍mv
ISm= ーを W8=-JUBH-tLm

3

一2一
一m

 
s
 1

一2m
 

s
 

z Z , _ Z Z , _x x _ y y 

bモ= -2J(Sl+S2)S+gμsH (8 � + S 2 + s -) + A jj 1 -s -+九 (r's" +IJs
J

) .(AI-1) 

S=3/2 
(S'=1) We regard the former two terms as a non-perturbing Hamiltonian 

and the latter two terms as a perturbing one. 

resultant spin of 81 and S2 as 8' , and the resultant spin of this 8' and 

Here , we define 仕le

S=1/2 
(S'=1) 

S=1/2 
(S'=O) 

We find easily the eigen functions for the non-perturbing 

The eigen functions are shown below : 

φ2・ m ニ αんα1m>

Hamiltonian. 

三 as S. 

(AI-3) 

φ ま m二古帆α+α1伽α1α2ß)jm>
The conditions for allowed transitions in the ordinary ESR are 

ðSm=士 1 and �=O. φ .:l.m =古仙川lゆ山)Im>

S=3/2 
(S'=1) 

Then , the resonance fields are obtained as , 

(AI -4) 

hvo= gμ8H +セLm

川 =g凶+セLm

恥0= gμ8H + 宅Lm

加0= gμBH+竿 m
hvo= gμsH + Ajj m 

� _l_ H-l 
2 2 

�_l_ H-l 
2 2 

� .1 Hl  
2 2 

ðS_ よ+十三
2 2 

-
一2付

よ
2

S
 

A
O
 

d

-
-
S
F
E

，
l
'

』
『
f
h
l
1
h
l
，
I
B
I
-
-

8=3/2 
(S'=1) 

8=1/2 
(8'=1) 
S=1/2 
(S'=O) 

φ _~. m = ゚I゚2゚lm> 

えま m- 古附州α2α-2ω)Im>

(AI -2) 

i こす m=古叫+ßlα2ß-2ßIß2α)Im>
him=古附α-ßlu2u)lm>

いす m=古川

S=1/2 
(S'=l) 

S=1/2 
(8'=0) 
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As is seen from Eq. (AI-4), we have two kinds of line splittings 

in せle hyperfine lines in 仕le present model. 

122 

Appendixll 

The angular dependence of the hyperfine lines 

The resonance fields of hyperfine lines 110) are calculated with 

the Hamiltonian (5-5-4) (P.81) as follows : 

x x __ _ _ Z Z I _x X _ V V 

犯 =gLULlB山 cos9+gωμB S H SiI10+ApI s +AJI S +IJ SY){AII-l) 

The Zeeman terms , which we assume to be larger than the hyperfine 

terms , are first diagonalized by rotating the coordinate system about 

仕le y-axis by an angle <)>. 

SZ = sz' cos<)> -sx' sin<)> , (AII-2) 

SX = sz' sin<)> + sx' cos<)>. (AII -3) 

Then 仕le Hamiltonian (AII -1) is written as , 

況 =μBH{刈gEuSirlocoso-gLcoshin中)+s'z(gLsinhinO+gLcodeo吋)}
z x x _ y 

+A// (s'z cos<)> -s'x sin<)>)C+A.l(s'z r-sin<)> +sx 1 モos<)> +s'y IJ 

) 

(AII -4) 

and the coefficient of sx' in the Zeeman term vanishes by choosing 

仕1e angle <)> such that , 

tan<)> = ( gxcu / gzCu ) tan9. (AII-5) 

123 



If we define g by the equation 

g2 = gXCu2 sin28 + gzCu2 cos28, (AII-6) 

we have 

sin中= ( gxcu / g )sin8 , cos中= ( gz.;Cu / g ) cos8 , (AII -7) 

and the Hamiltonian is given by, 

訟と =gμB H s'z + s'x ( -A/ / sin中 lz + A上 cos中 lx ) 

+S'y Aょ rY + s'z ( A/ / cos(� lz + A上 sin中 lX ) .(AII-8) 

The coordinate system is then rotated by an angle 'V about the 

y-a氾s.

Then 

lz = Iz' cos'V -Ix , sin'V, 

Ix = Iz' cos'V + Ix' cos'V, 

IY= Iy'. 

bぞ =gμBH s'z + s'x I'x (A// sin(� sin'V + Aj_ cos中 cos'V ) 

(AII-9) 

(AII-10) 

(AII-11) 

and the coefficient of sz'Ix' vanishes by choosing 仕le angle 'V such as , 

tan'V = ( Aj_ / A/ / ) tan(� = ( Aj_ gxCu / A/ / gzCu ) tan8. (AII-13) 

The term in sz'Iz' may be written as ASz'Iz' , where 

g2 A2 = gzCu2 A/ /2 cos28 + gXCu2 A上2 sin28. (AII-14) 

Finally，仕le Hamiltonian can be written as , 

〉ぞ =gμBEts'z+A s'z Ifz+s'y I'yAょ

x z Z L 7. 

+ s , x [1' x A // A j_ / A + l' z gωgωsin28(A ~-A;I ) /2gてAl
. (AII-15) 

By using first-and second-order perturbation theory, the energies of 

the states are calculated as 

W sm ,m = gμBHsm+Asmm-m(A/ /Aj_ 2/4A gμBH) 

+(A/ /2+A2)(A上2/4A2gμBH)sm{I(I+1)-m2} 

ー [{A//2-Aj_ 2 )2/8A2gμBH}(gzCu gxCu/ g2)2sin228lsmm2 , (AII-16) 

where Sm is magnetic quantum number of Cu electron spin and m is 

magnetic quantum number of Cu nuclear spin. 

+ s'x I'z ( -A// sin(� cos'V + Aj_ cos(� sin'V) + s'y l ' yAょ 111 Thus , the transition fields are obtained under the condition of 

+ s'z l'x ( -A// cos(� sin'V + Aj_ si帥 cos'V) I ð.sm=:t1, �.m=O as , 

+ Sz 1 z ( A// cos(� cos'V + A上 sin(þ sin'V ) ,(AII -12) 
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hVQ = gμBH+Am+{Aj j2+A2 )(Aj_ 2/ 4A2gμBH){IU+ 1)-m2 } 

-[((Aj /2 -Aj_ 2 )2/8A2 gμBH}( gzCu gxCu /g2)2 sin229]m2.(AII-17) 

Consequently, the resonance fields are given as a function of 

angle by, 

HSm・ m=((hvo -Am)+~ (hvO -Am)2仏乃+ A2 )(A~ /A2 )(1(1+ 1 )-m2 } 

+[({A乃 -Ai)2/2 A2 }(gtu ~u / g2 )2sin229 ]m2 }/2gμB 

(AII-18) 
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Appendix 皿

Calculation of the magnetization curve 

We calculate the eigen states of the Hamiltonian (5-1-1) exactly 

and the magnetization analytically, when the external magnetic field 

is applied to the z-axis. In this case , the Hamiltonian is given by, 

〉と =-2(Jx(si+s;)S1Jy(S?+s:)sy+Jz(si+s;)sz)

+gμBH(sj+s;)+g'μB Hs 

where g=gzNi and g'=gzCu. 

, (AIII -1) 

The eigen states are calculated in the following way. The 

secular equation to obtain せle eigen states is written as , 

l到す>防ま>1州ま>1心ほ>1引を>1対す>ゆI~> 1引を>

くま附|だj2w! 。 j o j Jすム! o j o ; o l o 
-一一一→-ー-ーー l一一ーーー+一一ー-~-ーーーードーーー-→一一一一一I一一一一一

分同||0 (:UfAi 仔jjo j ojoiojo  
-一一ー寸ー一一一 -r-- 一一 T 一ー一一「一一ーー -r- 一一 -ì 一一一一一lー一一一一

<同 I 0 : ~τj jc/2wi o i o jJ言ム j o j o 
一一一ー」ーーーー_1-_ーーーム一一一ー」一一一一一 L 一一一一斗一一一一一l一一一一-

Q同11 {2.ム(。 i o j心/川! 日;。 loio

くtKI

ぐすK-I

<t除|

ぐす|る|

--J一一一ト一一一↓一一一一」一一一一 -L---J 一一一一(一一一--~ = 0 

0io  i o i JEl imrwi ojo  j o 
-一一一→一一ーー-1-ーー-_~_-__~--___'--ー一一→一一一ーーl一一一一一

。 j o !ιム! o j 。 己完wi 。 j 

一一一一十一一一一ー;一一ー-↓ーーーベーー一一一ト一一一 -J 一一一一 I一一一一一
。 o l 。;。:。:。 ic/2・w; 。

一一一一+一一一一一l一一一一_.J_一一ーー」ーー一一-1-ーーーー+一一ーーーlーー一一一

o l olo  l oio  l o;o トG・ /2・w
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where J=-2Jz , ~=-1 /2 (Jx-Jy) , j=-1 /2 (Jx+Jy), G=!WBH , G'=g'μBH 創ld むld

w 仕le eigen value. The states 1 +>, 10>，卜> and 10>' represent 

those of the resultant spin S' composed of Sl and ~， and 1 1/2> and 

|引を> |併を>

くまkól G'j2-W 。

1-1/2> 仕le eigen states of 三， respectively. These むe given by =0 

ぐすkol 。 -G'j2・ W

S'=1 

つ
ゐ

α
 

、
，
A

α
 

一
一

>
 

+
 

I

』

l
'
s
o
l
a
-
t
t
t
g
'
h
h
'
E
t
t
e
s
t
'
t
E
E
1

(AIII-5) 

10> =古 (α1 2゚ + ß1α2 ) 

1-> = ゚l 2゚ 

The determinant (AIII-4) is written as , 

s'=o 10 >' = ~を (αI 日2 -ß1α2 ) 
(AIII-3) 

/2十G;JEム l 。 1 0 1 0 1 。
+Gソ2-WI ・ 1

ー一ーーよーー一一一1- 一一一ーしーーー-_j一一一ーー」ーーー--

σムトG川( 石川 o ( ojo  
一一一一→ー一一一一lーー一一一ト一一一ー→一一一一一←一一一一

olJEj lJ/2・G(olo l o 
可 k J 4G'j2-WI 1 

一一十一一一ト一一ト一一十一一ト一一・I = 0 

o!o  l o l-J/2+GlI i! 。
~ 1 ~ i -G'j 2・wlWL j;u 

ーーー-→-ーーーー1・・ーーーートー----1---ー-←ーーーー・

010101  σj;G・/2・wi JEム
ー _1 一一一ーーl一一一一一 I 一一一一1一一一ーーしーー一一-

o ; o l o l 。 ;石ム lJ/2・G
11  1 1心/2・w

(AIII-6) 

where αand ゚  have the usual meaning. The deterrninant (AIII-2) is 

decomposed into the fol1owing two parts : 

くす民|

l討す>ド〉付>似す> 10)片>1引を>1討す>

/2+G10 1 0 l Jす〈u ''I"L.乙ム o I 0 
+G'/2・WI 1 1 '一一一

一一一_J._一一一一l一一ー一一 L 一一一一 J一一一一 _L 一一一一・

。 j;UAjJEljoioio 
-一一一+一一一一一l一一一一ート一一ー--1一一一一一十一一ー一-

o l 石川G・/2-W : 0 : 0 : {2ム
一一一十一一-l一一一一一ト一一一十一一ト一一一・1=0

σム!。 ioi-G川iJすjjo
ーーーー→一ーーーーlーー一一ート一一一ー→ーーーーー十一ー一一-

0 i o j o i 石川郡2wi o 
ーー __1_ ー一一一l一一ーー 1 一一 I ーーーーしー-ー一-

0 i o jJEム i o j o (名なw

Then , this determinant is decomposed into two components written 

ぐをK+ I

くま~I
as , 

くすKI

ζtK-1 

(AIII-4) 

J/2 + G r=-A 1 

+ G'j2 ・ w ; い心 1 0 

一ーー一ー一一ーーートー一ー一一一一一一寸一一一一一一一

石ム : -G'j2 ・ W : ..[す J I = 0 

一一一一ーー一一一一1一一一一一ーーーー _J_ ーーーーーー一ー一

olJ玄jl-J/2 ・ G
司副 + G'/2 ・ W

ぐすKo I

(AIII-7) 

ー J/2 + G 
-G'/2 -W 1 

一一一一一一一一一一!一一一一一一一ー一一→一一一一一一一一一一

: G'j2 -W : 

Jす j 。

J玄 j {2ム =0 

1 rτ^ 1 J/2 -G 
。 い心 ; - G'/2 ・ w

(AIII-8) 
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Thus , we obtain 仕le following equations : 

where 

and 

W3+aiW2+biW +Ci=O (i=l ,2). 

al =号
bl = -( ~ +( ~ +G)2+2( ð2サ2 )} 

4 '2 

Cl = G三一( ~ +G)2 ~' +j2J+勾2G サ2G'-ð2J-2ð2G +�
2
G' 

8 '2 - 2 

匂 =5
b2 = _{ ~ +( ~ -G)2+2( ð2サ2 )} 

4 '2 

C2 =ー立三+( ~ _G)2 '2" +j2J_勾2G 寸2G'-ð2 J+2� 2G-� 2G' 
8 '2 - 2 

w g'μF 
-

7 一一一一一一一

2 

w g'μ aH 
-

8 ーー一一一一一一

2 

(AIII-9) 

(AIII-IO) 

(AIII-ll) 

(AIII-12) 

The cubic equations (AIII-9) 訂e solved exactly, and the solutions 

訂e obtained as follows : 

。 1 g ' μ J--I 
Wl = Rl COS-二+ 一一二一

~ .l 3 6 

。汁2π 正 μ~
W 2 = Rl cos_.正一+ 一石L
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(AIII-13) 

(AIII-14) 

where 

。 }+4π 疋'μOH
W q = R1 COS一二一一+一一三一

~ ~ 3 6 

。っ疋'μOH
WL1= Rっ cos一三一一一一三一
τ... 3 6 

8 2+2π 疋'μOH
W t; = Rt") COS一二一一ー 一一三こー

υ ー 3 6 

。 2+4π 疋'μ OH
WP,= Rっ cos-三一一 一 一一二-

'-' ... 3 6 

RI=3J62μるH2山川BH )2+3(.ふ4}

(AIII-15) 

(AIII-16) 

(AIII-17) 

(AIII-18) 

cosOI= -g'3品H3+9g' J.l.BH{(-Jz+gμBH )2+(J~+Jy )/2} ・27Jx Jy (-Jz+g J.l.sH ) 

{g'2μ己H2+3(-Jz+gμBH)2+3{JZ+J?)if

向子仇るH2+3(Jz+gJ.l.BH )2+3(技サ)

COS09-63必H3_9g' J.l.BH{(Jz+gμBH )2 ・(J~+Jy )/2}+27Jx Jy (Jz+gμSH) 
'一

(g'2μ~H2+3(Jz+gμBH)2+3(J2+J?)if 

(AIII-19) 

Accordingly. the magnetization is calculated in 仕le following 

way. The free energy F is given by, 

F = -NkBT lnZ , (AIII-20) 
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8 

Z=Lexp( -Wi jkBT) 

(AIII-21) 

where N is the concentration of trimer spin, which is equal to that of 

Cu impurity atoms and Z 廿le pa此ition function. 

Consequently，仕le magnetization is calculated as , 

where 

� M =(ー一一ー}
� 

N ~ミ ðWi
=ー石干之ー~ exp( -Wi jkRT ) 

vv i=} ðH 一

�} � 1 O} R} �} . O} g'~B 
一一I一一一一 一.._-~… 一一一一-

� ðH 一一 3 3 ðH 一一 3 6 

� 2 �} 0}+2πR}ðO} . 0}+2πg'~B 
一一一一=一一一-cos-ー一一一ー一一一一一一一 sln-一一一一一+一一一一-
� � 3 3 � 3 6 

� 3 �} 0 1+4π R 1 ðO} .0 1+4πg'μB 
一一一一=一一一-cos-一一一一ー一一一一一一 sln-一一一一+一一一一-
� � 3 3 � ---- 3 6 

� 4 � 2 O2 R2�02 . O2 g'~B 
一一---1. 11 ."""'"一一一一、‘...-- ----
� ðH ー 3 3 ðH 一一 3 6 

� 5 � 2 O 2+2πR2 �82 . O 2+2πg'μB 
一一一一一=一一一一 cos-一一一一一'一一一一一一-sln-一一一一ー一一一一-
� � 一一一 3 3 � ---- 3 6 
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(AIII-22) 

(AIII-23) 

(AIII-24) 

(AIII-25) 

(AIII-26) 

(AIII-27) 

出ld

� 6 ðR2~~_02+4πR2 �02 . O 2+4πg'~B 
一一一一ー=一一一一 COS-一一一一一ー一一一一一一-Sln-一一一一一ー一一一一-
� � 3 3 � ---- 3 6 

� 7 g'~B 

� 2 

� s g'~B 

� 2 

�} 1 �(cosO }) 
一一一 一

� ~11-COS 20 } � 

�02 1 �(cosO ~ 
一ー一 一

� ~II-cos2
02 

� 
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, (AIII-28) 

(AIII-29) 

(AIII-30) 

(AIII-31) 

(AIII-32) 
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