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Abstract 

In recent years , the physics in the strongly correlated system , such as the heavy ferrnion 

systeln , have been actively investigated both experﾏlnentally and theoretically. From 

the theoretical point of view , the Anderson rnodel and the Hubbard model have been 

studied. Owing to the developrnent of the recent numerical calculation , the nature of 

these rnodels hωbeen alrnost clarified. The cornmon chal'acteristic in thesc rnodels is thc 

telnperaturc dependence. Nalnely, they exhibit the behavior of collect卲n of the localized 

spins at high ternperatures and that of heavy quasiparticles in the Ferrni liquid theory at 

low ternperatures. However , the e百éct of the Crystalline Electric Field (CEF) , w hich is 

ﾏlnportant in real metals , still remains in the early stage research. It seerns ilnportant to 

clarify now the infiuence of the CEF effect on the low-energy properties of quωi-particle 

excitations. Therefore , we investigate the CEF effect in the lattice Anderson rnodel f1"01n 

the two points of view. 

First , the CEF effect on the quasi-particle state is discussed with the use of the lnean 

field theory of the slave boson technique. The Anderson lnodel of JO -J1 configuraｭ

tion well reproduces the natUl'e of Ceriuln systenl1, in which only the lowest CEF level 

is renorrnalized in the situation of heavy fermions. On the other hand , in the J2 state, 

it is shown that the f1 CEF splitting is highly renormalized leading to essentially the 

degenerate CEF ground state. In addition , if the J2 singlet ground state is realized , the 

quasi-particle contribution to the spin susceptibility cornes frorn that of conduction elecｭ

trons and is not enhanced, while the quasi-particle density of states is highly renonnalized. 

This new class of the heavy fennion state , in which both the charge fiuctuation and tbe 

spin fiuctuation of quasiparticles are suppressed in spite of the highly renorrnalization of 

the quasi-particle density of states , seerns to describe the anolnalous behavior of UPt3 
around the superconducting transition , which has been discovered quite recently by the 

Iく night shift experﾍlnent 

Secondly, we discuss the effect of k-dependence of the hybridization rnatrix elerTlents 

111 
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Abstract lV 

refiecting the sylnmetry of the J 1 ground CEF state. Such k-dependence can givc rise 

to an anisotropic hybridization gap of heavy fennions of Cerium cOlnpounds if the filling 

of electrons corresponds to that of the band insulator. The most interesting case occurs 

when the hybridization vanishes along sorne syrnlnetry axis of the c1'ystal 1'efiecting a 

pa1'ticula1' syrnrnetry of the g1'ound CEF state. The 1'esults of a rnodel calculation a1'e 

consistent with wide range of anomalous properties observed in CeNiSn and its isostrucｭ

tural compounds , the nature of which has been remained in puzzle since its discove1'Y. 1n 

particular , highly sensitive effect of impurity scattering on the residual density of states 

fo1' zero energy excitation and the anisot l'・opic ternperature dependence of the resistivity 

are well explained. It is also discussed that a weak semirnetallic behavior arises through 

the weak k-dependence of the J-electron self-energy Ej(k , 0) 
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Chapter 1 

Introd uction 

1.1 Recent Topics of Heavy 14'ermion Systems 

A kind of j'-clectron systelns , such as Cel'iurn 01' U1'aniUl11 cOlnpounds , are narned “Heavy 

Fennion Systerns". One of the characte1'istics of these conlpounds is that the e仔ective

ln3Ss of elcctrons estirnaLed from the speci白c heat is 1'el11arkably enhanced by 100 r"-' 1000 

t佖es cOlnpared to Lhe conventional 111eLals. Its heavy Inass hぉ been detected by Lhe 

de Haωvan Alphens (dHvA) e丘色ct in SOlne lnatel'ials. [1 , 2] This enhancel11ent of Ina5S 

arises froln the lnany-body e百ect ， i.e ., the correlation effect due to the strong Coulolnb 

interaction between electrons. Nowadays , the investigation of “Heavy Fernlﾍon Systeln" 

becolnes one of the bぉic problems in the condensed matter physics , i.e ., the so-called 

physics in “Strongly Correlated System" 

1n Cel'ﾍuln atoln and Uraniul11 atoln electrons take the following configul・ations:

Ce [Xe ]4f15s2 5p6 5d16s2 

U [Rn]5f36s26p66d17s2 

The electrons in 5d 16s2 and 6d 17s2 state are involved in conduction electrons while fｭ

electr・ons keep the locality at the atolnic state. Roughly speaking , Cerium ions are in 

trivalent (f1) state and Uraniuln ions are in tetravalent (f2) or t l' ivale川 (f3) state. These 

f-electrons control the magnetism of such compounds. 1n fact , 111any actinide cornpounds 

show the nlagnetic order because of the RKKY interaction between localized f -electron 

splns. 

On the other hand , the 1もsistivity of sOl11e kinds of actinide cornpounds which do not 

undel'go such magnetic transition exhibits the behavior like Kondo e百ect (α - logT) at 

1 
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around the room temperatul'e. [3] The Kondo e百ect is a phenOlnenon of sir以e nlagllctlc 

11叩urity in a non• nagnetic metal.[4] It is a typical example arising frOln a local con山tlOn

Introd UctiOll Chapter 1 

e百ect owing to the strong Coulornb interaction. 

is screened by rnany conduction electrons below the characteristic telnperatu印 (lk) an 

l店s aCCOlnpanl児ed by a '“'Kondo cloudぜ" which is a screening cloud of spins of conduction 

electl'ons extending to the ol'der of 九咋/TK

The localized spin at the iInpurity site 

Refiecting this fact , as lowering temperature 

the resistivity increases like -log T and then becornes constant value of the unitarity limit 

at T > TK the localized This phenomenon is intuitively understood as follows at T く TK

spin is fiuctuating quantuln mechanically and it gives 1・ ise to the extra scattering process 

on conduction electrons while at T く TK this localized spin makes the singlet state with 

the '~Iくondo cloud" and the scattering process is reduced 

1n the heavy fe1'mion systerns the behavior of the resistivity is di百erent fl'orn that of 

the irnpurity case since f-electron spins > corresponding to irnpurity spins , line up pel ト

odically. 1n Fig. l.1 the telnperature dependence of the resistivity (per Ce) is illust1'atcd 

fo1' CexLal-xCu6 , when the concentration of f-electron spins is systematically changed 

While the l'esistivity (per Ce) keeps constant in the iInpurity case , in the lattice case it 

"1 

Ce.La , .cu ,,(b) e し a ， .Cu" 
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The (a) The resistivity and (b) the spin susceptibility in CexLalーよU6Figu1'e l.1 

resistivity shows the Kondo effect at high temperature and a constant value of the unitarity 

The spin susceptibility behaves obeying lilnit in the irnpurity case 01' T2 in the lattice case 

the Curie-Weiss law at high ternperature and like the large enhanced Pauli paralnagnctism 

at low ternperature. [3] 

exhibits the 1くondo effect (α- log T) at high tem.pe1'atures and then lnetallic behaviOl 

1n the latter case the ternperature dependence of thc 1'csistivity 

The expe 1' iment号 of Lhe 

at low ternperatures 

is proportional to T2 as expected in the Fernlﾍ liquid theory. 
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spln susceIコ tibility a1so support the above picture , i.e. , the Curie-like behavior of the 10-

ca1ized spin at high ternperatures and the Pauli-like behavior of the Fcnni liquid at 10¥V 

ternpe川ures.[3] In Fig. 1.1 (b) one can confinn that at high temperature rcgion the spin 

susceptibili ty obeys the Curie-vVeiss law wi th effective rnagnetic rnOfnent 2.5μ13 of Cé十

con日guration and at low temperature region it becornes constant showing the enhanced 

Pauli paramagnetisrn. This crossover occures at ternperature corresponding to the Kondo 

ternperature TK. At T く TK the apparent localized spin rnoment at each Cerium atom 

disappears and the magnetic response of this system changes into the enhanced Pauli 

par amagne t ﾌSln 

Furthermore , the char前teristic density of states (DOS) in Cerium systeln is directly 

observed by means of the photoemission spectroscopy[5] and BrelDsstral山昭 isochron1at

spectroscopy and typically shows well-kno¥vn three peak structul・es such as shown in 

Fig. 1.2. These three peak structures are composed of one sharp peak near the Ferrni level 

P4( (E) 

ヘ、
Er EF Er+U 

E 

Figure 1.2: The conceptual figure of the photo enlission spectra of Ceriurn based heavy 

fennions. Three peak structures represent the lower Hubbard band > the quasi-particle 

band , and the upper Hubbard band from the 1eft side 

and two broad humps; one hUlnp exists at the vicini ty of the original J -level E f , W川V叶hi比ch1 

C∞orrespond白s tωo the tran凶s叫ぢ

d th児e transitio <n f1 • f戸2 These two broa“1吋dpμea叫ks c∞orrespond tωo the so-callecl1owe印r Hu山i川山bコb凶a剖l吋

band ancl upper f日Iubba凱rd band and hold the character of the J-electron 10calizecl spin 

It is the quasi-particle bands that are the sharp peak near the Fenni 1evel on thc centcr 

ancl construct heavy electrons observed in the specific heat and the spin suscepLibility at 

T <<TK. This quasi-particle peak is called "I¥ondo resonance" and is sensitive to the 

ternpel・ a ture.

Thus , one of the most ﾎlnportant characters in the heavy fennion systern is the differｭ

ence of the behavior in each temperature region. At 1east in Ceriurn systerll , it has been 

checkecl out experﾏInentally that at high ternperature its behavior is thaL of loca1izcd spin 
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systeln and at low temperature it is described by the Fenni liquid Lheory i11 which its 

effective lTIasS is extrelTIely enhanced. 

We can classify the recent topics in the heavy fennion systern as follows: 

(1) lneta-lnagnetisrn (CeRu2Si2 , etc.) 

(2) low carrier systelIl (CeP, CeAs , ctc.) 

(3) Ko凶o insulator (SlnB6 , YbB 12 , CeNiSn , Ce3Bi4 Pt3, etc.) 

(4) unconventional superconductor (UPL3 , CeCu2Si2 , etc.) 
The lneta-lnagnetic transition in CeRu2Si2 investigated ぉ a lnain subject (1) is a typical 

one in heavy fennions. The Kondo telnperature of Lhis lnaLerial is lK 201て and the 

lneta-lnagnetic transition is occurred at around the lnagnetic 五eld of 80kOe in w hich the 

Zee1nan energy gP, BfJ 1S cOlnparable Lo k゚ TK. [6] There rnay exist the critical 1nagnetic 

field hc corresponding to TK; at h > hc the system exhibiLs localized-spin like behavior and 

叫んくんc the FIれe1口1nl

fι仏a武acωt ， the experilnent of the dH v A effect[8] indicates that f -electrons are iti 問ra但釦n川1

the rneta-•1nagnetic tr、 ansition occurs and are localized after the transition , i.e. , its Fenni 

surface can be explained by that of LaRu2Si:ゎ whichcontains no f -electrons. This problelll 

is related to the Luttinger theoreln , which states that the k-space volu1ne surrounded by 

the Fenni surface is not changed even if the interaction is switched on , and is actively 

investigated in recent years as the basic problern on the Fenni liquid theory 

A typicallow carrier syste1n investigated in the subject (2) is Ceriuln mono-pnicLide , 

such as CeP and CeAs , etc. In this syste1TI there are few carrier nUIYlber at low telnperaturc 

and this syste1n is very sensitive to the pressure. [9] And also this system is a cornpen凶ed

metal and its cOlnplex lnagnetic pha.se is wellknown as Davil's stair case.[10] Whilc Lhis 

syste1n is sﾏlnilar to the Kondo insulator in the sense that the transports are sensitive to 

the pressure, the physics lnay be rathe1' di百erent.

Now , so faI・， we have int1'oduced the metallic case in which f -elect1'ons behave like i tinｭ

erant at low telTIpe1'ature T < TK. Next , we consider a g1'oup of lnaterials > investigatcd in 

the subject (3) , w hich behave like insulator 01' se1niconductor at low telnpe1'atures. Such 

lnaterials are called "Kondo insulator" 01・“Kondo semiconductor". In the carly stage of 

research , YbB12 and SlnB6 were discovered[ll] and in recently 3・・ elelnent systern such as 

Ce3Bi4Pt3 , CeNiSn , CeRhSb and CeBiAs , etc. renew an intensive inte1'est.[12-16] These 

systems are sﾌlnilar to superconductors in the point of gap fo1'mation at low telnperaLure 

although they do not show the phぉe t1'ansition. Furthennore , CeNiSn and CeRhSb are 

quite inte1'esting systems which have V-shaped gap as revealed froln the measureUlents 

「一ーで竺?十±ー.
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of the longitudinal NMR relaxation 日te.[17-19] (Lhis can cOlnpa1'c wiLh the anisotropic 

supe1'conducto1' of heavy fennions.) He1'e , we should note the fact Lhat any Kondo insuｭ

lato1's have even nUluber of electrons in one unit cell and have the conditioll ωthe bUlld 

insulators in a fonn or another. It is a challenging problem to clarify the scenario of gap 

forrnation including the lnany-body effects and the diffe1'ence f1'oln the convenLional band 

insulators and semiconductors. 

Finally, let us give a brief introduction about unconventional superconductors concernｭ

ing the subj戸ect (μ4) . In Lhe heavy f白er口lTIl

superconductiv汎it旬y at low t旬elnpe臼1'atu山ue久， fo1' exarnple , CeCu2Si2 , UPt3 , UBe13 , Un.U2Si2 , 

UPd2Ab , UNi2Ab , etc.[20-25] All of these belong to the unconve山onal superconducLo1', 

in which any physical prope1'ties obey Lhe power law at T <<九. Furthennore , Lhey 

have intﾌlnate connection with the lTIagnetisrn in the supe1'conducting phase nea1' the 

antifenolnagnetic phase in CeCu2Si2 , CePd2Si2, UPt3 , UBe13 , or , coexistence wiLh the 

antifenolIlagnetic phase in URu2Si2 , UPd2Ab , UNi2Ah ・ The existence of lnulti-phase 

superconducting transiLion in UPt3 etc. [26] is a slnoking gun fo1' the unconventional 社

perconductivity. While lnost of these cornpounds include Uraniuln atOlns , the naLure of 

quasi-particle states in the U1'anium cOlnpounds h鎚 not yet been made clear at all so 

that the study of these superconducting state inevitably relnains ぉ a phenomenological 

level. [27-31] To get the rnicroscopic unde 凶anding of s 吋1 var但訂no、

we should shed light on the cha釦racte臼r 0ぱf qua邸51中pa凱1' ticles of heavy fe臼nnions whi比ch c∞ont凶ar1111 1 

lTIU叫llti nUlnbe臼r 0ぱfjι-electlωonsおs aおs in Urani山um c∞ornpounds 

1.2 Theoretical Overview of IIeavy Fermion System 

We have introduced SOlne 1'ecenL topics in the heavy fe1'mion systeln frOln the experﾍlnental 

point of view so fa1'. One of consepts we got is that the heavy fennion systelTI is the 

typical st1'ong co1'1'elation system with the interplay between j -electrons , which are raLhel 

localized and have the strong CoulOlnb repulsion, and conduction electrons , which fonn 

the wide energy band-width. Next , let us consider theoretically the rnodel Harniltonian 

governing such the heavy fennion systeln , especially Ce compounds 

Fü叫 of all , j-levels in Ce3+ ion hおもhe 14-fold degene1'acies without any interacLion 

and considering the strong spin-orbit interaction , are splitting into total angular lnOlnenｭ

t山n j = 7/2 and j ニ 5/2 states. Because the levels of j 二 7/2 states a閃 located at 

higher energies than j = 5/2 states by a few e V , j == 7 /2 states can be neglected usually 
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In compounds such j -5/2 states of Ce3十 ions a1'e influenced by the crystalline elccｭ

tric field (CEF) cor1'esponding to the local symmetry and a1'e sepe凶ed into 2 01' 3 levels 

These localized enough levels a1'e weakly hyb1'idized with the wide band-width conducLion 

elect1'ons th1'ough the slight overlap with a j'-wave function. IL is the lattice Anderson 

lnodel that can successfully discribe these cases and fo1' siInplicity only one CEF g1'ou日d

state is often taken into account. This lnodel Halniltonian is thc extension to the laLtice 

case of the ﾏlnpurity Andc1'son 1110del and f-sites corresponding to lnany iInpurities exisL 

pe1'iodically side by side and is expressed by 

H = 乞 Çkへん 十 乞 Ej fitfiσ ペUL fi¥ fi1 fi1 fi 
ka Lσ 】

+去 乞(\!j叫ん exp( -ik 九) 十川
V 1 可 kai

、
1
l
'

〆

1
E
i
 

-
-
ム

，
，
I
1

、

whe1'e the fi1'st term 1'epresents the conduction band with the wide band-width , the second 

term the j'-site energy, the third tenn the strong interaction between f-elect1'ons and the 

la.st tenn the hyb1'idization lnat1'ix elernents between the f -electrons and the conduction 

electrons. 1n this HaIlliltonian it is characteristic that are ahnost non-dispersible f -level 

E j , the strong Coulonlb repulsion between f-electrons and the weak hy b1'idization V k 

1n resent yea1's , this Anderson lnodel and its extension have been actively investigated 

by analytic lnethods , such as the perturbation theory 011 the basis of the Fenni liquid 

theory[32] and Lhe 1/ N expansio11 日thod with slave bOS011S,[33] etc. , and by n山u山山n問T

ca叫lcu叫la叫仙tions ， such as the exact diagonalization , [34] the quantulTI Monte Carlo lnethod 

with the help of the d = ∞[35] and the nUlllerical renol'll1alization group lnethod. [36] 

We can get overall features of this Halniltonian (l.1) applying the perturbation theｭ

ory. With the use of the Hartree-Fock approxﾏlnation and the second pe1'turbation ,[37] the 

DOS shown in Fig. 1.3 is computed. 1n other nume1'ical calculation the central pealく at low 

telnperature becolnes 1nore sharp. The right-and-left broad hU1nps can be regard as the 

so-called lowcr and upper Hubbard bands and have 1'elations to behaviors like localized 

spins at high tcmperature in the heavy fe1'mion system. The central peak grows up as 

lowering the te1nperature and is sensitive to temperature. While we have denoted in the 

previous section that in the heavy fermion syste1n the behaviors at low temperature are 

expe1'iInentally gove1'ned by heavy quasiparticles , this central peak indeed can be considｭ
ered to represent such heavy quasi-particle bands at low ternpe1'ature. Such quぉi-particle

structure at low telnpe1'atu1'e in the periodic Anderson 1nodel has been investigated by 

the several authors. For eXaIllple, the 1/ N expansion 1nethod with the slave bosons hぉ

Er 
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Figure 1.3: The DOS calculated with the use of the Hartree-Fock approximation and the 

second perturbation. The right-and-left broad humps are regard as the so-called lower 

O 
-1.0 ー0.5 0.5 1.0 

and upper Hubbard bands and the central coherent peak is the quasi-particle band. This 

coherent peak represents the formation of the heavy fermion band at low ternperature 

and is sensitive to the ternperature 

proved that there exists the coherent temperature Tcoh and the quasi-particle bands are 

fonned at T く Tcoh ' And the details of such qua.siparticles have been presented on the 

basis of the Fermi liquid theory and the low energy excitations at the low telnperature 

prove to be described by the quasiparticles. Let us introduce briefty this theory on the 

basis of th民1児eg民マj'er臼11111

Without the児e 1n川t匂凶e臼ra氏ct山tio∞n t旧e臼nn e刊q.(ο1. 1リ) becomes an one-body problern and i t is clear 

that formed are hybridization bands between f -electr・ons and conduction electrons. 1n 

fact , due to the strong Coulornb repulsion , the problerTI becomes complex. 1ncluding this 

l川eraction into the f -electron self-energy ~(た】 ω) ， the f -and c∞ond山ucωtio∞n-屯-elec山tro∞nGαreen

fuc口tions are given by 

σ;(kFω)= 
V，~ 

ー ら一一一一~
κω - EJ -~(k ， ω) 

σ;(た?ω)=1;V2
ω - EJ -~(た刈)一 矢

ω - t;k 

Thc low energy excitations are described by quasiparticles > eigenvalues of which arc given 

by poles of these Green's functions. The self-energy can be expanded concerningωat low 

(1.2a) 

、
、
h

，
，

J

'hu 

η
ノ
-

2
B
B
ム

，
，
t
E
t‘
、
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energy regions as follows: 

。~(k 】 ω)I 
~(k ， ω) = ~(k ， 0) 十 |ω， -~ム (k ， ω) , 

θω| 。
( 1.3) 

where 

ム(k ， ω) = -Im~O~ ， ω) (1.4) 

Thus , the eigenvalues and the life t佖e of quasiparticles are defined as 

I -印 l
Ek = IEf 十十主一 |I-J ' Ek ーとkl

Ef 二 Zk (Ef 十 ~(k ， 0)) , 

首 = zkVk' 

Z;-l = 1 一位(k ， ω}. I
k - θωIw=ü 

rk 二 Zkム(k ， ω) , 

(1.5a) 

(l.5b) 

(l. 5c) 

(l.5d) 

(l. 5e) 

where zk is the renormalization factor and quasi-particle bands Ek are reduced by this 
factor and form the heavy-electron bands. In such. case the quasi-particle DOS are enｭ

hanced by Zん 1 and experimentally the large electronic 叩ecific heat coefficient lnay be 

obscrved: 

γ= 乞 [p~(O)/Zk + ρk (0)] , 
kσ 

where P~ (0) and ρk (0) are the f -and conduction-.electron DOS at 山 Fel口lnl

S叩p戸e伐ctiv刊ely. In Addition , the dUlnping rate of quasiparticles rk is reduced and the lifetirne 
of quωiparticles is extended and the quasi-particle bands appear clearly at low energy 

、
、

a
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'
'
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n
u
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/
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、

1・egion. The contribution to the spin susceptibility of such quぉiparticles is written down 

by 

χ 二叫乞 [ρ~(O)冷却k(O)] , 
k 

χも = 1-θ~a(丸 0)lt)乞σ(州LI+ ~-_'_ , I I 
配 θHσIH=üθH_σIfI=ü

(1.7) 

( 1.8) 

where Hσ = σμβH . Thus , the contribution of f -electrons to the spin susceptibility is also 

enhanced by the factolχk . Fu山enno民 in the heavy fermion system the resistivity at 

low telnperature is obtained by 

R = Rintp • (l.9) 



-ーー

Chapter 1. Introduction 9 

which shows the existence of T2 tenn characte1'istic of the Fenni liquid states without 

iInpu1'ity e百ecLs. Such 1'esistivity 01' conductivity is theo1'etically calculatcd by 

1 1 
σ μ ν = 守�( μ -勾印E;;)J弘2TFF7 τ 仏

κAκ A 

、
、
E
E

』
，
，

ハ
U1i
 

1
1

ム

〆
'
『
E
、
、

whe1'e J~k' rk and Ck are 1'espectively the ωm 
and the facto1' of o1'der uni日i比ty 1'eflecting t土he exi店stence of U rnklapp p1'ocesses. lt is ﾍln porｭ

tant that all factors due to the enhancernent factor cancel out with each other and the 

conductivity is proportional to the life-tﾍlne of quasiparticles. 

Thus , the interested low-energy excitations at the low telnperature have proved to be 

described by the quasiparticles. This theory can display a part of characte1's in lnany 

expe1'irnents which a1'e discussed in the previous section. For example, howcver , ternpe1'aｭ

ture dependence of the spin susceptibility at high telnperature dernands the CEF splitting 

of j'-elect1'ons , which is often ignored fo1' sﾍlnplicity in these Lheories. Such CEF spliLting 

lnay have some infiuence on the quasipa1'ticles. The time COlnes when it rnust be discussed 

that what in日uencc such the CEF e旺écts have on the qua.siparitcles. In Lhis Lhesis we will 

discuss the CEF e百ect on the quasiparticles on the bωis of the Fenni liquid theory in Lltc 

heaηr fennion system. The results give one inte1'pretation to the experﾍlnents which are 

explained in the following two section. 

1.3 Review of UPt3 

We sho1'tly state sorne physical pr・operties in UPt3 ・ The crystal structu1'e of UPt:5 is clω­

sified to be the MgCd3-type hexagonal close-packed. strucLure and the lattice pararnetcrs 

areα - 5.764ﾅ and c = 4.899ﾅ. This c1'ystal structure and the Brillouin zone are iト

lustrated in Fig. l.4. This material is well known as the heavy fer・lnion superconductor・

with the rnulti-phase diagrarn. [26] The nonnal stat.e is described by the Fenni liquid in 

the heavy fennion system. The specific heat is linearly proportional to ternperature as 

shown in Fig. 1.5(a) and the c∞oe伍Cl児en川tγiおs f"'-.) 420瓜}νjlnole K2 c∞or日respo∞n凶d出rn略1屯g tωo the hcavy 

ffective rnぉs. The spin susceptibility χ(T) indicates the e山anced Pauli paralnagnetisrn 

The resistivity shows the T2 behavior in Fig. l.5(b) without impurity e百écts.(40 ， 41] At 

low temperature these heavy quωiparticles unde1'go the transition to the unconventional 

superconductor. In this state the ternperature dependence of various thennodynarnics 

follows the power law. [42-45] And it is interesting that the possibility of an odd-pa1'iLy of 

the Cooper pairing was pointed out from NMR (Fig. l.6) and μSR experﾍlnents. [49-48] 
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Figure 1.4: (a) The hexagonal close-packed MnCd:3 crystal structure and (b) the Brillouin 

zone in UPt3. [49] 
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Figure 1.5: (a)The specific heat[49] and (b )the res凶ivity[41] of UPt3 

1 t is lnore farnoωthat is the double transition in the specific heat experirnents[-191 as 

shown in Fig. 1.5( a). 1n these days as a function of the temperature and the lnagnetic 

field the existence of three kinds of phases , ((A" , (~ B" and (~C" -phases ， is established ω 

shown in Fig. 1.7. Thus , the unconventional superconducting states in UPt3 are colorful 

1n this and extensive experimental works have been carried out to clarify the 111echanisln 

system only one theoretical work is phenomenological theory[27-31] on the basis ?f GL 
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theory. And one of the present problems is whether the effective spin-orbit interaction is 

strong or not. To solve these problems lnicroscopically, we must rnake clear tlle characters 

of quasiparticles in U (5f)2 system Our theoretical approach to these problen1s will be 
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1.4 Review of CeNiS11 

12 

CeNiSn and CeRhSb have been called "Kondo insulator" at least in the early stage since 

the thermodynamic behaviors[12-19] have been s�ilar to typical 吹ondo insulators" 1 i.e" 

5mB6l YbB12 and Ce3Bi4Pt3 , which stay in a serni-conducting state with an activation 

energy gap. CeNiSn have the orthorhombic • TiNiSi type structure (D認 P凡町L) with 

C 

(18) 

Figure 1.8: (a) The orthorhombic • TiNiSi type crystal structure and (b) the Brillouin 

zone in CeNiSn[50] 
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α命-aXl凶s decreases at low t句ernpe臼ra叫tu山re.

lattice pararneters ofα= 7.534À , b = 4.598ﾅ and c = 7.609Å , as shown in Fig. .1.8 and 
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At high temperature a are di百erent from 5mB6 and Ce3Bi_1Pt3 with the cubic structure 

variety of experiments in ((Kondo insulator" indicate the behaviors like the n1etallic heavy 

This context is also unexceptional in 

At low temperature the resistivity (Fig. 1.9) increases except fOl 

α-axis direction and the static spin susceptibility (Fig. 1.10) along theα-axis has a peak 

fermion system , such as -log T in the resistivity 

CeNiSn and CeRhSb 
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α-axis haヨ a peak structure around 121く.
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There is a peak structure around 7K 
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structure around 12K and the lnagnetic speci白c heat shows a peak at about 7K and 

decreases propo出onal to T below 5K as shown in Fig. 1.11. [51-53] 1n addition , the in-

elastic neutron scatterings show the existence of anisotropic lnagnetic excitations in the 

k-space. [54-56] The attractive attention in CeNiSn has been evoked by the NIvIR lnea-

¥tVhile othel・ "Kondo insulatolγexcept for CeNiSn and CeRhSb show expo-

nentially decay in the thennodynarnics , the physical properties in CeNiSn and CeRhSb 

are governed by the power law. This viewpoint has been first revealed by the NMR 

experiment[17-19]: in which the longitudinal relaxation rate 1/T1 is proportional to 7'3 

surelnent 

as illustrated in Fig. 1. 12(a) , and reinforced later by the meaおS札ur

1 t iβs pointed ou川l比t t山ha叫t t凶hiβs bコeぬhavior can be explained by assuming dynamic properties 
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1/T 1 of CeNiSn[17] and conceptual f�ure of V-shaped DOS 

the V-shaped DOS as 山川rated in Fig. 1. 12(b).[17, 18] And these compounds are also 

found to be very sensitivc to a small amount of :impurities such that the residual DOS 

Figure 1.12 

at zero energy excitations increases drastically in roughly proportional to the square root 

of irnpurity concentration.[18] Thus , the relation between usual "Konclo ins山tors" an 

CeNiSn brings in mind that between the nonnal BCS superconducLors ancl the "axial-

Such anisotropic gap formation in CeNiSn at low 

ternperature is an attractive problem. The lnechanisln of the energy-gap fonnation at 

lo¥V temperatt.ll'es in the usual "Kondo insulator" has been discussed froln a va.ricty of 

typeηanisotropic superconductors. 
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view po�ts. These are classified roughly into two catego1'ies , i.e. , k-space and 1'eal-space 

app1'oaches. In the fonne1' approach , the o1'igin of insulating behaviors is attributed to a 

hyb1'idization gap which is highly renonnalized by the strong co1'relations aUlOng allnost 

localized f -elect1'ons. [57] A circuluferential evidence suppo1'ting this point of view is Lhat 

all the compounds called the "Kondo insulatorぺ except for TlnSe , have even nUlnber o[ 

elect1'ons in the unit cell which is a nccessa1'y condition fo1' thc band insulator. 1n thc 

latter app1'oach , on the other hand , it is att1'ibuted to the fonnation of local bound staLe 

of one kind of another , such as local singlet due to the st1'ong Kondo effect , the Wignel 

crystal fonnation , and so on. [58 , 59] 

A picture of the 1'eno1'malized hybridization gap is based on the p1'inciple of "adiabatic 

continuation" [60] which was applied fi1'st by Landau in the Fe臼1口1n1

then has turned out very useful so far in understanding the low energy prope1'ties of wide 

range of strongly interacting syste1ns as demonstr.ated by Yamada and Yosida fo1' the 

impu1'ity Ande1'son model. [32] While co1'rectness of this picture for the “ Iくondo insulator" 

has been suggested by the Gutzwiller approach fo1' the pe1'iodic Anderson 1nodel fo1' this 

decade ,[62 , 63] it w訪問centlyshown mo1'e vividly 0口 the basis of the exact diagonalization 

lnethod[34], the quantu1n Monte Ca1'lo calculation[35] and the nU1nerical 1'enonnalization 

group Inethod[36] with the help of the d = ∞ theory. On the other hand , it is 1'eported 

that a cha1'ge gap is always di百e1'ent f1'om a spin gap in the d = 1 theo1'Y on the ba.sis 01' 

the exact diagonalization n同hod.[64] This result is against the pictu1'e 1nentioned 山ovc

However , we believe that this 1nay come f1'01n the particula1'ity of 1-dilnensionality 

The1'e are a few pape1・s in which ano1nalous p1'operties in CeNiSn and its isostructural 

c01npounds t1'y to be explained theo1'etically on the bωis of such k-space approach. [65] 

In the chapter 3 we will de1nonstrate 1n01'e explicitly the fo1'mation of the anisotropic 

gap in these cOlnpounds by taking into conside1' the CEF e圧ect f1'01n such point of view 

We p1'edict S01ne physical p1'operties at that time. Qui te recently, 1nore p1'ecise expel ト

1nenLs have been ca1'ried out at lower telnperatu1'es , as the sa1nple quality is bctter. T'bus, 

1no1'e expe1'ﾌlnents justify ou1' theo1'Y, while some experﾏlnents puzzle us. Let us list SOlnc 

1'ece川 expe1'iInents. First , T1T二const behavior (Fig. l.13 (a)) in the longi t udinal NMIl 

relaxation rate below 1K suggests the presence of DOS at the Fermi level. [18] 7'1 is also 

sensitive to the substitution-type ilnpurity e百écts. 'The specific heat at low telnperatures 

(Fig. l.14(b)) supports the essential presence of DOS at the Fenni level. [51 , 66] Futher-

1nore, the lnagnetic field dependence of the specific heat has been 日a.sured[67] as shown 



16 Introcluction Chapter 1 

」ーー

(
7
Uむ叩

100 10 100 10 

Temperarure (K) Temperarure (K) 

、
、
t
F
J

-
h
υ
 

〆
'
e
E
、
、

Figure 1.13: T depende凹e of 1/Tl of 119Sn in (a) CeNi 1 _ρoxSn and (b) Cel_xLaxNβn 

(
石
E
N
X
\

寸
)
ド
ー
ヒ
υ

~ CeNi Sn ."i~ j 

l パ;.:-.:." 1 

(a) 

CeNiSn 

CeRhSb 

0.2 

0.1 

T(K) 

40 30 20 10 
0.0 
0 

了(K)

、
、
E

F
/b
 

/
l

九
(a) 

(a) The rnagnetic specific heat divided by temperature (Cm/T)[66] and (b) Figure 1.14 

the speci自c heat at lower telnperatures in the better sample[51] 

l.9 that the resistivity at low telnperatures Second) we indicated in Fig 

decreases > as Lhe salnple quality is 1川ter.[51] Even in the best sample) however) thc lIall 

coefficient shows the selniconductor-like behavior (Fig. 1.16). [51] 

1.15 in Fig 
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The magneto1'esistances (MRs) illustrated in Fig. 1.17 are characte1'ized as follows:[68] 

The t1'ansverse MRs are large positive and the longitudinal MR'3 are slnall 

Fo1' fI cx: α) the iVIRs are negative fo1' any current direction 
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Finally, in the neutl'on scattering experiInent it is also reported that the characteristic 

peak stl'uctures (Fig. 1. 18 , 1.19) in CeNiSn are sensitive to iInpurities.[69] 
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Figure 1.20: Telnperature variations of the tunneling conductance fo1' (a) CeNiSn and (b) 

CeRhSb. [87] 

1n the tunneling conductance[87] the telnperature dependence of Lhe gap fonnation is 

obtained as shown in Fig. 1.20 
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Chapter 2 

Crystal Field Effect on the 

Low-Energy Quasi-particle 

Excitation 

2.1 IIltroduction to Slave Boson Technique 

RecenLly, thc so-called Anderson model hぉ been actively investigated by several theoretｭ

ical methods. Because of the development of such powe山1 cOlnputi時 methods[32-36] , 

most of characters of these models seeln to have been revealed. However , there are few 

investigations[70] which include explicitly the CEF e百ect

whαt 2nβuence these CEF effects hωe 0η the Loω-energy excitαt2ons) 2. e 

q 'uαS2-pαrticle bαηds? 

In this chapter , we study the fO -jl -j2 Anderson model including jl and J・ 2 lIlUlｭ

tiplets by the CEF e百ect. This lnodel represents the feature of Ceriunl cOlnpounds when 

the jl-states are stabilized, and the feature of Uraniurn cOlnpounds when J2-states sLabiｭ

lized. We are interested in the quasi-particle bands in this model. A useful tool Lo study 

quas印article sLructures in such lnodel is the so-called Gutzwiller approxin川ion[62] 01 

the lnean-field theory of slave bosons. [71-73] When the Hilbert space is restri川ct氾e吋dw川iL山h山i打r

fO 一 fl 一 J2 C∞on白gu山I江ra抗tiωon凡1し， the slave-boson t旬i疋echnique iおs more convenient. If the Hillコert

space includes all J -states , this lnean-field theory are consistent with the Gutzwiller apｭ

pl・OXilTlation. In fact , G. Kotliar and A. E. Ruckenstein have proved the correspondence 

between these two fonnalislT1S at least in the nor吋egenerate j-band case.[71] In adçiition , 

20 
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this slave-boson technique is equivalent to the zeroth order of l/N expansion lnethod 

at T 二 0 ， where N is the degeneracy of the ] -orbitals. [74] This technique can bc c<.�ily 

extended to the problenl of calculating the quぉi-particle interaction. 80 we discuss thc 

lTlultiplet effects of the systeln with ]1 and f2 configuration within the rnean-field approxｭ

imation of slave bosons. We hope that the study in this chapter becornes a starting point 

of thc analysis of the CEF effect on the low-energy exci tations in the periodic Andcrson 

lnodel simulating Uranium based heavy fermions. 

We fonnulate the slave-boson method in the ]0 -] 1 -]2 Anderson lnodel incl uding 

the CEF e百ect in 92.2. Then , we derive the results by the rnean-field approxﾌlnation and 

discuss the di庄Crence of the CEF effect between 11 and J・ 2 case in 92.3. 

2.2 Formulation 

FirsL , let us consider the HalTIiltonian of the fO -f1 -f2 Anderson rnodel including the 
CEF e百Cct . This HaIniltonian can be deCOlTIpOsed into three parts: 

H = Hf + Hc 十万hyb (2.1 ) 

The first tenn is the j'-electron part , which Inay be given by the ionic part on each site: 

Hf 二 乞 Eμliμ) (iμ1+ 乞 EM liM) ('iN!I , (2.2) 
1μ iM 

where Eμi店s the 

j戸o s叫tatωe ， ιE、ルM the N!-state of 12 multiplets and i is the f-site index. Note that liμ) (iμ1 and 

l'iNI) ('iMI play the role of a projection operator for the state liμ) and l'iM) , respecLively 

Then μand M will denote all of any quantum numbers. If we take the local crystal 

日eld environlnent into account , μ and 八イ correspond to the irreducible representaLions 

of the crystal field sylTImetry group , and I'i/-L) is the linear combination of the sLate l 'iψ川L ~ 

which iおs a叩ne白igen st凶at民eoぱfa叩n a但叩Z幻nTI口lTIU凶S凶a叫1 c∞omponent 0ぱf an略gu叫la紅r IIIωome叩n山lt凶u山叩lTI jz , and l'iM) is 

linear cOlnbination of the s叫ta叫te Iド2m灯m~刈T

angular lTIOmentulTI Jみz. In the strong spin-01'bit coupling lﾌlnit such ぉ Ceriurn 01' UraniUIYl 

cornpounds , the total angular lnomentuln of the J1 state is j=5/2 and that of the 12 staLe 
is J=4 

The second tenTI of eq.(2.1) is the conduction electron part and may be describωby 

the usual band rnodel 

Hc= 工、JKσc}eσ
kσ 

(2.3) 
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One can see that the conduction electrons keep exactly spin-label σ ， not pseudo-spin label 

Jz 

The third term of eq. (2.1) is the 1nixing tenn between the f -electrons and the COlト

duction electrons. The 1natrix elernents connect Lhe fO state l'ic) wiLh thc f1 states liJl) , 

and the )'1 states li j..l,) with the )'2 states 1ド'iNI) which i口1n恥凶1χclu吋lde a c∞O 口m川l刊中poner

|ドi中ωμω) . This hybridization part of the Harniltonian can be written in the fonn , 

HhylJ ニ 2二三;vuzkRtitjL)('te|ckσ+ 乞乞 Vぷ
μeikRi I'iNI) ('ipl ckσ 十 h.c. (2.4) 

tμkσ iMμkσ 

whe間百;andVU denote 山 hybridization matrix elements between )'0 and f1 s山s

and between f1 and ]'2 states , rcspectively 

This 1nodel is a generalization of the periodic Anderson model in the point that the 

local crysLal field cnviron1nent is taken into account. Howevel', it is partially lnore reｭ

stricted in the sense that fiuctuations of f-electron number are restricted within those 

fro1n JO to f2 states. 

2.2.1 Slave Boson Technique 

It is a di伍cult task to treat exactly the above Ha1niltonian (2.1) even nU111erically. So we 

wi1l1nake use of the slave boson technique , which hぉ successfully worked in the so-called 

Anderson model and Habbard lnodel. 1n the present case it will be convenienL to change 

the basis of the conduction electron states. 1n usual the basis of conduction electrons is 

classified by k ， σlike in eq.(2.3). However , we here expand the Bloch states in tenns of 

partial waves at each i-site f-ion as follows:[75] 

ckσ = 乞 (kσ I~;k'μ) ck'μ? 
k"iμ 

(2.5) 

where Ikσ) is the eigen state of the conduction electron band and IRi; k' p) is thc eigen 

state with an irreducible representationsμaround the si te 'i 

Here, we lnay assu1ne that in the hybridization tenn (2.4) the fモlectron rnoving in/ ou t 

the site 'i will 1nix only with conduction electrons in the state of the same ineducible 

representations. The other states of conduction electrons , which lnay be weakly coupled, 

are neglected approxﾌlnately. This treatment becomes exact in the impurity Anderson 

rnodel. Thus , we get the following model Hamiltonian: 

I-I = 乞 Eμliμ) ('iμ1+ 乞 EMl�) (�I +乞 εk~C~uckμ 
iM ku 
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十i ε V仇e♂i必kRil仰i叩ω州μω州)バ(犯叫仲I Ckんμ+ ε IV仇ε'i}~Rl乱 |い'iM川M附)バ('，り川4
\kiμ kiMμν/ 

where the site index in ckv is ornitted and the prime on the surnrnation in the 1ωL 

tenn indicates that the surnmation is rest1'icted to the case where there a1'e hybridization 

rnatrix elernents between states liM) and l i μ) I ル); liv) is conduction-electron state with 

山 ineducible repr問n凶凶n v at i-th site. Furthennore, fo1' sirnpli叫7w;and vjy 
are replaced by a constant V below in this chapter and the conduction bands are Laken 

to be structu1'eless with a constant DOS. 

To t1'eat this Halniltonian by the slave boson technique , we will define lnany slave 

bosons. We ωsociate a boson e fo1' fO state, [J iμ ， Pim for each one-body f1 state l 'iμ) ， Iún) 

and bosons diM , d.inm fo1' each two-body f2 state l iNI ) ， limη) ， respectively. By using Lhese 

bosons , we can rewrite the Hamiltonian as the following fonn: 

H' 二 乞 EμPLP1μ 十乞 EMdIMdiM 十工、ALLCKμ
1μ -i M k・ 4

乞 ( V eikRi ••) lV θ z勾九Zi~り叩』μ4
kiμ
、ノ

(2.7) 

where 

zL 二 (1 -Qiμ ) - 1/2 (pLe+ 乞fdjMPtu)(Qzμ) - l/21
¥ Mv ノ

Qiμ 二 pjμP'iμ 十乞/djMd1M
M 

(2.8) 

(2.9) 

The facto1' (1 -Qiμ) -1/2 (Q'iμ) -1/2 in eq. (2.8) is necessary for Gutzwiller generalization 
dμand dIM' which are used to treat the e百'ect of multiplets properly, can be represenLed 

by the pIm and d.!mn with such parameters ぉ Clebsch--Gordon coefficients (αιb九)

pIμ = 乞 αrdnい (2.10) 

(2.11) 

ηt 

djM = 乞 b:cimL
'I111L 

However , the Hamiltonian f 1', which is defined by the enlarged Fock space , contains 

unphysical states. 80 we lnust impose a set of constraints to elirninate these states: 

Qi 二 ε: e1 十乞pイμ:
μM 

、
、

1
1
J

n
ノ
ム
】

1
1
ム

つ
ム

，
，
，
E，
、
、

Qiμ = fi~fiμ {2.13) 
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It is easy to check that the Hmniltonian f1' under these constraints has the salne lllatrix 

elements as those in the o1'iginal Hilbe1't space. 1n o1'der to investigate physical properties 

in this Hmniltonian H' , the partition function Z wiU be calculatcd by using a functional 

integral over the coherent states of fermi and bose fields. Note LhaL the cOlTunuLation 

relations: 

[fI , Qi] = 0, 

[H, Qi/-L] = 0 (2.14a) 

1'hus , the physical Hilbert space is preserved under the time evolution generated by this 

Hmniltonian H'. 1'0 enfo1'ce the constraints (2.12) at each site , it is convenient to inLroducc 

t佖e independent Lagrange multipliers，入i and 入1μ ・ We integrate out thc fennion fields 

to rewrite the partition function Z in tenns of the effective action fo1' the boson ficlds by 

invoking the identity: 

¥
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二仰 ドTlog (去十 EL - μ)] , 
where μis the chelnical potential and Ek/-L rep1'esents the hyb1'id凶 bands betwcen j'ｭ

electrons and conduction elect1'ons given by 

(2.15) 

EAJ i[%+いVhμ 一入i/-L)2 + 4 1 z，iμV 1 2 ] (2.16) 

1'he partition function can be exp1'essed as follows: 

Z = j' D (eJ収(山加(似M) 川ゅe叶-J dTSヤ)] , (2.17) 

3(7) =eJli+ 入i ) ei 十日μ(子+ 入Z- ~叫1 ]Ji/-L 
¥ (JT I -ー， ¥ UT I 

一 ( 飩 ~， , ~ ¥.  1 _. (éJ 土 \
十 デ d↑M ( ~ + 入1 一 次入uノ+ EM ) diM.-~TT log ( 一十 EL 一 μ) β18)
U1MW7 ケ) -LJVl ﾟ -. --a ¥ éJT 化μ/

whe1'e ゚  = l/T and wc set kB = l. 1'hus , we get the effective action S(T) fo1' the boson 

fie lds , We will app1'oxﾍlnately cOlnpute this action S(ァ) in the next section 



Chapter 2. Crystal Field Effect on the Low-Energy Quasi-partide Excitatiol1 25 

2.2.2 Mean-Field Approximation 

We are interested in the infiuences of f1 -f2 lnultiplets on the low-cnergy quasiparticlc's 

excitations. It is well-known that at such low-energy 1'egion the saddle point approxﾍlnaｭ

tion for the boson-field effective action in the so-called Anderson lnodel is successful. We 

apply this app1'oxilnation to the effective action S(T) , (2.18). This saddlc point app1"OXｭ

inlation conesponds to a lnean field app1'oxﾍlnation fo1' boson ope1'ators in thc [ollowing 

Halniltonian: 

H(入) 二 乞入μjLAμ+ 乞 εkJ-L C~ J-L Ck J-L + ~二(九fkJ-L Ckμ + h.c.) 
kμ k J-L kμ 、 /

-/-~EllP~ 十乞 EMd;M -2二入μQμ 十乞入 (Q -1) , (2.19) 
1μ iM 1μ 

whe臼1"e expectation val ues of boson ope臼1'a叫toα1's a但1'e ur口日ni正foα1'm and independent 0ぱ[ s釘it民es民， and 

九ト二 什必~V州(ωqμ =ベ\zLμz勾匂叫1附JμJ-L)川)い凶iβs an 1'enon11a凶山a
fl(υ川入刈) is in a quad1'atic fonn , we can diagonalize this lf ( 入) and conventionally 1'ega1'd these 

eigen values as quasiparticle's bands: 

EkJ-L = E:(Ekパ [Ekμ+ 入μ 土 Vhμ 一入μ)2 十 4V~]. (2.20) 

Thus , qμin the 1'enonnalized hybridization is the so-called renonnalization facto1' and 入μ

is the renonnalized f-levels. In this way the saddle point app1'oxﾌlnation gives us the 

following fonn fo1' the f1'ee energy pe1' site: 

F = 乞 EμP;+ 乞 EMd1t - 乞入μQμ 十 入 (Q -1) 
M μ 

-75f仰μ(ε) log [1 村一β(E; (E) 一μlJ，

where pμ(ε) is the density of states of conduction elect1'ons 

(2.21) 

As the next step we 111USt set the Lagrange multipliers to stabilize the given f1'ee cnergy 

We obtain a set of coupled equations by di旺erentiating the f1'ee ene1'gy F fo1' each boson 

五eld as follows: 

δF 
一一 = Q -1 = 0, 
δ入

。F ,,,, 1 n _ (� 
θ入μ 一山μ 可μ- v , 

θF 
瓦'j =Eμ 十入

(2.22a) 

(2.22b) 

(2.22c) 
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+写τ/乙川
θF 
可=ムιμ+ 入一入μ

+引;dquサ(可(ε)f(E;(ε))) 詰 = 0, 

W 円 、日、 θn!
叫 = ιM 十八一い司

. rD;:}  ~ 

+~' I ~r> dερν(ε)ι(可(ε)f(E;(ε)))22乙 二
ムD ,- , 'dqv ¥ J.L',I J '-- J.L ' ~ //J θd~ 

J;e 十pud
μ (l - QJj )Qμ 
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(2.22d) 

(2.22e) 

(2.22f) 

(2.22g) 

(2.22h) 

(2.23) 

where 吋 = (ルん) is f -e1則on densi ty of aμstate and D is half of the condu山n
band width. For s�plicity we a.SSUlne that the DOS fo1' conduction e1ect1'ons is constant 

(ρo = 1/2D) and sp1'eads ove1' the ene1'gies (-D rv 1)) 

Thus at T 二 o an above-lnentioned set of equations is lnore explicitly given by 

e2 十乞P7 十乞 db = 11
M 

]J~ + 玄 db=nf=ρoV2qv ( ¥ 
1 一一 ~- I n¥  1 

;; 
-M • Vv ("U. '1V 

\ 入ν 一 μ- 凶入ν -E-;(-D))

A や _ I 入μ-μ- 刈 |θqv' ハ入 -ρnV2 ち 、
，

10!:! 1 
ﾂv' - J.-l ~ 

v n 1 一一 = () ïU

ケむ|ん - E:;( -D) I 8e2 
_-v 

A や |入μ-μ ーレ'h 1δqv' 入ーん + Ev 十 ρov2 γl叫 /\v' !:_ / lV:__It, 
1 ("U

ケ bl 入v' - E:;( --D) I 8p~ 
-v , 

入 -γ 入υ竺LEM+ρnV2 γlOE13v' -I.L-v'h I 8q乙 = ()
47vodb'Mzru ケ bl ん， -EF(-D)134 - U7

ε (n[ + ぱ) = N , 

η;=ρ。 (μ - E'-;( -D)) , 

(2.24a) 

(2.24b) 

(2.24c) 

(2.24d) 

(2.24e) 

(2.24f) 

(2.24g) 

whereη~ is a density of conduction e1ect1'ons and the tota1 electron nUlnbers N is fixed , 

which is guaranteed by eq. (2.24f) , so that the chenlical potential μis detennined selfｭ

consistently. We a1so take into account the effect of lnagnetic fie1d h to discuss quasiｭ

particle contributions to the spin susceptibility. Although an upper hybridization band 

E; is neglected in the above 制 of equatio爪 it is necessary to include their co山 ib山ons

in actual calculations , depending on a position of the chernical potential. 
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2.3 Results 

Now let us solve the above set of coupled equations in the special case. As we are inLcrested 

in the CEF effect on the low-energy excitations and its variety due to f-electron nurnbel. 

per site , we consider a simple model which includes 1'elevant points. 1n this Inodel , we 

assulne that 0問-body bands have four kinds of the hybridized bands (μ= 土3/2 ，土 1/2)

and the f2 states a1'e cOInposed of cOlnbination between these four f statcs ( 1\/ 二 土2?

士 1 ， 0). This conesponds to the case where the spin-orbit interaction is ve1'y strong and 

j -j coupling scheme is appropriate. Thus we pick up the 1 土 1/2) and 1 士 3/2) in the fl. 

co凶gurations and the 1 土 2) ， 1 土 1) and 10) in the f2 co凶gu 1'ations. For example , 1 土 2) is 

rep1'esented by 1 士 3/2) 1 土 1/2) in j -j coupling schelne. Futhermore , we will also c∞on悶Sl凶仁d

the difference between the f2 single and double g1'ound state. As 1 土 2) can be lnixed 

with each other in trigonal sylnmet1'y, whethe1' the ground state is singlet 01・ doublet

can be co山 olled by ムE 1 the energy differe附 in between 1 土 !v/) = (1 十 2) 土卜 2))/12 
Referring to the info1'mation of the CEF spli tting fo1' UPd3, which is sﾍlnilar to that of 

UPt3 , a nUlnber of paralneters are detennined to catch up the essence in the CEF effect 

on the low-energy excitations. 

vVe have investigated basically the circumference of the following parameters 

Here , Es (s - 土3/2，土 1/2 ，土 1\1，土 1) represent t, he energy separation between Is) ancl 

0.8~\ つ寸。
06ゾf

~一日日、コ
0.4 ト、3

0.2 0.2 

2 3 
N 
tot 

Figure 2.1: The renonnalization factors qμand f -electron numberηf per si te as a function 

of the total electron nUlnber per unit ce11. qμis reduced as n f 1S 1ncreasing 

the elnpty state le) 
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The energy of the ]2 state 10) is assurned to be E'o = ∞If Eo is near the ]2 ground 

state energy, the lowest quasi-particle bands are alrnost full-f�led and the upper quasト

particle bands becorne erTIpty. Thus , the quasiparticles in the lowest bands can not become 

heavy and the scトcalled heavy fermion systems are not realized. Assuming that Eo = ∞】

we can concentrate on the e百ects of the ]2 rTIultiplets E土λ1 ， E土 1 in the heavy fermion 

systerns 

Under these conditions we discuss the parameter dependence of physical properties 

First of all , when the multiplet splitting is neglected , two kinds of qua'3i-particle bands 

are degenerated as shown in Fig. 2.1. One can see that the renormalization factor qr.3/2 

(q::H/2) becOInes extremely small asηf= εμ 吋 lS 1ncreasing. It is noted that Lhe quasト

particle bands are not highly reno1'malized even in the region n f f".J 1. This is because fo1' 

these paralneters the ernpty component ( ε ) ， which represents the ]0 s tate, still keeps a 

considerable weight. If the bare ]1 levels Eμis deepe1', 01・ ， Uint 二 E土AI - E土3/2 -E土 1/2 IS 

la rger , then the quasi-pa1'ticle bands in ηf f".J 1 are more renonnalized , asζlemonst 1'ated 
in Fig. 2.2 
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Figure 2.2: The Uint dependence of the renonnalization factors qJ.l. in the region 'I1f rv 1 

qμbecolnes slnall ぉ increasing Uint 

Next , let us consider the effects of f1 rTIultiplet splitting. 1n fO -f1 region the 1'eno1'ｭ

rnalized CEF splitting (ムeff = 入2 一入 1) sﾌlTIply increases in proportional to the bare CEF 

splitting ム二 E土 1/2 -E土3/2. Illustrated is the relations between ム and the renol'lnalｭ

ization factors 01'ムeff in Fig. 2.3. In the regionηf f".J 1 the lower level is drastically 

renonnalized and the upper one returns to be unrenormalized. In this ca'3e thc renol'1nal-
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ized CEF spli t ting ム巴ff becomes larger than the bare CEF split ting ム 1n the region 
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The renonnalization factors qμ and the renorrnalized CEF splitting ムeff = 

入土 1/ 2 一 入土3/2 between the renormalized bands as a function of the bare CEF splitting 

E土 1/2 -Ex3/2 in the regionηf rv 1, (a) , and in the regionηf rv 2, (b). (a) 

As increasing ム ， q土3/2 are drastically decreasing while q土 1/2 are increasing 

Figure 2.3 
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Figure 2.4 

O く 7ìf く 1 and enhanced in 7� f rv 1 and renonnalized inηf rv 2 

凡f rv 2 both of quasi-particle bands are highly renonnalized and ムeff is not ahtlost en-
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larged , i.e ., ( (ム eff is highly renonnalize仁1 ，" even if ム increasing . This overall feature is 

demonstrated in Fig. 2.4 , in which one can see that ムeff relnains to be near ム in the 

region 0 く ηf く 1 and enhanced in ηf rv 1 and renonnalized in n f rv 2 . 日le note the 

jump at n f ,--__, 1.45. This represents the special case where ﾐ.ef f rv 0 and the highly 

renormalized bands (1 土3/2)) exists in the wide gap (1 土 1/2)) as shown in Fig. 2.5 
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Figure 2.5: The quasi-particle DOS in ηf rv 1.45. p土 3/2 is highly renonnalized and p土 1/2
has the もvide gap 

Regarding the width of the quasi-particle coherent peak as TK , the above-lnentioned 

discussion can be sumn1arized as follows 

- ム巴ff く TK

-ムeff > T1<.. 

little renonnalized bands in the 0 く ηf く 1 region (Valence 

Fluctuation regilne) 

one hi氾ghl廿ly renorma叫1 i児ze氏“仁d band and anot山he引r a叫llno凶st bare band 

i山n η f rv 1 (Kくon凶do re句句g♂lln口ln児e

. ム巴fυf << TK two highly r右enonna叫liロze吋d bands in 7η1f rv 2 

These behaviors of ムザf are understood as follows. The renormalized CEF splitting is 

given by ムeff = 入土1/2 一入土3/2 二(入土1/2-μ)-(入土3/2-μ). 1n the '11 f rv 1 case , while 入土3/2-μ

is highly renonnalized along 0 ，入土 1/2 -μis not renonnalized. Therefore , the di百erence

between 入土3/2 -μand 入土 1/2 - μrelnains large. Futhennore , considering ム eff > ム in the 

O く 'llf く 1 region on the basis of the Fermi liquid theory, 

ムeff = q土 1/2 (E叩+ Re~:l: 1/2 卯)) -q土川E土3/2+ Re~土3/2 (川】 (2.25a) 

→ (E土 1/2+ Re~土 1 /2 )' (2.25b) 

rvE土 1 /2 + n土3/2 Uj仙
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slnce q::f::_1/2 f"-J 1, q土3/2 → o as 11f • 1. Because this 18日 terrn is a rnonotonously increasing 

function of η-!::.3/2 ， one can see that the increase of ムeff resul ts f1'or11 the increase of the 

On the other hand , in the '(� f f"-J 2 case 6.己ff is red llced , 

since both q土3/2 and q土 1/2 are highly renonnalized. 

Hartree tenn in the self-energy 
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]2 levels E土M are lower , ]1 states 入土3/2 and 入土 1/2 concerning the state I 土 J'vJ) Clrc Plllled 
down 

Reflecting such fact , the hybridization dependence of ムeff is more sensitive in :rLf rv 2, 
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while only qT_3j2 is largely changed in n 1 rv l. (Fig. 2.6) 

Furthennore , we take into consider the j2 lnultiplet in addition to the j1 lnultiplet. 

1n 0 く ηf く 1 region the effect of the j2 multiplet can be ahnost neglected. 1n n f r-v 2 

small is the energy di百erence between the renormaLized levels ムε11 → o and two levels 

concerning to the j2 multiplet trend to be pulled down. (Fig. 2.7) 

Finally, let us investigate the quasi-particle part. of the spin susceptibility, which is 

For exarnple, in the Gutzwiller approxトproportional to the total angular mOlnentum jz 

mation it is pointed out that in ηf rv 1 the spin susceptibility χs indicates the instability 

of such systeln. The 1 く η/ く 2 region also shows such instability (χs く o in Fig 2.8) 

N 0 \V, we discuss the di百erence ムE = E-M -EM between in the j2 singlet ground state 

and in the j2 doublet ground state. The sing1et case is like in UPt3 ・ The energy di百er-

ence，ムE ， bet問en I 士 NI) co山ols whether the ground m山ip1et is a singlet state 01' a 

The ムE dependence of the spin susceptibility is shown in Fig. 2.9 Note 

that as increasing ムE the response of Xs is decrea.s ing, though it is hard to see it due 

to going across the di vergence of χs ， N evertheless , as the quasi-pa1'ticle DOS is clearly 

doublet state 
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Figure 2.8: The spin susceptibility X.-; as a function of η/ χs く o in 0.5 く 1Lf く 2

enhanced , the heavy quasiparticles lnay be observed , fo1' instance , in the specific heat. 

Therefore > there is the possibility that the j2 singlet ground state is the new class of the 

heavy fennion state in which the chargc susceptibility Xc and the spin susceptibility A.s 

1n such Cé!しse the are reduced and the electronic specific heat coefficientγis enhanced 

lnain part of χs is given by the incoherent tennχinc ， such as the so-called Van Vleck term 
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A and the quasi-particle part which is cOlnputed above is tiny 
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Figure 2.9: The ムE dependence of the spin susceptibility (absoll印 value) . As ムE
1ncreases ， χ5 is rather suppressed 

of UPt3 it is reported that very slnall is the decrease of the spin susceptibility after the 

superconducting transition. This fact indicates that the quおiparticles which undcrgo the 

superconducting transition lnake few contributions to the spin susceptibility. Thereforc , 

the abOVe-lnentioned heavy fennion state may be realized in UPt3 

2.4 SUffirnary and Discussio11S 

¥Nith the use of the lnean field theory in the slave boson technique it is delnonstrated 

what inftuence the CEF splitting effects have on the low-energy quasi-particle exceptions 

in the lnulti-band pcriodic Anderson lnodel with the constant hybridization V 

First , the results about the calculated quasi-particle bands are as follows: 

q土3/2 q土 1/2 J 1 lnul tiplet (ム) J2 multiplet ( E-M -EM ) 
7L f く l ;ミ 1 ょ乙 l 6.ef f rv ムく T!<. negligible 

'f� f rv 1 << 1 rvl ム巴ff > ム >>T!<. negligible 

ηfrv 2 << 1 << 1 ムeff く Tr< <<ム
The difference between two quas ト

particle bands 入土3/2 ，入土 1/2 is reduced 

Here , Tr< is roughly the width of the highly renormalized band ，ムeff 二 入土 1/2 一 入土3/2

and qμare the renorn1alization factors 

1n the region 0 く TLf く 1 the quasi-particle bands are ahnost not renonnalized and it 

conesponds to the Valence Fluctuation regﾌlne in Cerium systeln. 1n the case o[.l1f rv 1 
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the qua.si-particle bands are ぉsigned to the fl ground CEF state since the CEF splitLing 

is large and the upper bands are not renorrnalized. This ca.se cor1'esponds to the Kondo 

1'egilne in Ceriuln systeln. In the case of n f rv 2 the qua.si-particle bands are essentially deｭ

gcnerated since the CEF splitting is highly renonnalized to vanish. This 1'ealized situaLion 

is near the J2 states in U1'aniuln bぉed heavy fermion systern. 

Secondly, we have given qualitative1y a few comments fo1' the spin susceptibi1iLy. The 

spin susceptibility χis com posed of χqp and χ川c'χqp represents the quωi-particle parLs , 

which can be calculated by the e百'ect of the Zeelnan splitting and hωbcen cOlnpuLed in 

this chapter.χ1バc is the incoherent part , such as the so-called Van V1edく tenn. In Lhc 

casc of n f rv 1 the fl ground CEF state is high1y renonnalized and XlJP gives the InosL 

part of the spin susceptibility. In the case of n f rv 2 there are two kinds of cases. One 

is the case w here the j・ 2 ground CEF state is a doublet state and another is the singlet 

case. In the dou b1et ca邸se two qua鉛Slト-pa但rti民cle ba叩nd白s a但re highly renonna1i也ze吋d and both 

bands con比山triぬbut民e to χ q仰p' And a1so χ 'inc , which includes the Van V1eclζ tenn concerning 

the transition between the CEF 1eve1s , has 1arge contributions since the quぉトparLicle

CEF splitting is high1y renonnalized. Next , in the sing1et case , regardless of the high1y 

renonn1ization in two quぉi-particle bands ， χCJP has few contributions toχPhysically 

speaking , this contribution arises frOln that of the conduction electrons , which are ofLcn 

neglected in the heavy fennion systeln. In this caseχ11山 such as the Van Vleck tenn , ha.s 

rnain contributions. Thus , the quasi-particle description in the f2 singlet ground state 

lllay be the new clぉs of the heavy fennion state in which the charge susceptibility Xc and 

the spin susceptibilityχs are suppressed , while the electronic speci自c heat coefficienLγ1S 

cnhanced. Such heavy fennion state lnay be realized in UPt3 around the superconducting 

transition. 



Chapter 3 

Effect of Crystalline Electric Field 

on Kondo Insulator 

3.1 Introduction to CeNiSn 

In this chaptel' we develop a theol'Y of k-space approach on the basis of 、diabaLic COllｭ

tinuation" to undel'stand the anomalous pl'operties of anisotl'opic serniconductol' of heavy 

fennions , such as CeNiSn. We follow the fonnalisrn developed for the Ferrni liquid Lhcory 

of heavy fennions on the bぉis of the periodic Anderson lnodel ,[38] while we apply iL Lo 

the filling corresponding to the band insulator. An essential point of our Lheol'y is Lhat 

the hybridization rnatrix elelnent can happen to vanish along sorne symmetry axis (in the 

k-space) of the cl'ystal for a particular sylnmetry of the crystal field w hich is cxpectcd Lo 

realize in CeNiSn. Then , the hybridization gap also vanishes along the sarne direction , 

which can explain wide range of the anOlnalies observed in CeNiSn 

We develop the fonnalisln of our theory in 93.2.1 rv 93.2.5, and discuss about DOS 

in 93.2.6 and the e 庇ect of i口nn口lnpu山i江r、 i比ty scat“七民旧旧e臼臼町r一も叩.

the discussions of physical properties and those validity: the specific heat (83.3.1) , thc 

longitudinal NMR relaxation rate (83.3.2) , the magnetic properties (93.3.3 and 83.3.4), 

the neutron scattering intensity (83.3.5) , and the anisotropic temperature dependence of 

the resistivity (83.3.6) are discussed in detail on the model calculations. Furthermore, the 

effect of pressure (93.3.8) and the quωi-pal' ticle lifetﾍlne (93.3.10) are briefly discusscd 
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3.2 Theory 

3.2.1 Hamiltonian 

We start with the periodic Anderson model keeping it in lnind that (4f) 1 configuration 

is realized in Ce3十 ion in those c∞orr叩oun凶ds広:[39]

H= Hc 十 Hj + f1c- j , 、
、
1
1
'

〆

1
・
E
A

q
、
υ

J
'
a
E
、
、

where fl c , H j , and Hc-j stands for the Halniltonian of conduction electrons , f-elecLrons , 

and the hybridization alnong therrl, respectively. The 日1は tenn in eq.(3.1) , Hc , is given 
by 

Hc = むたclacka' (3.2) 
kσ 

W 11 e l e c L σ (ck σ ) cr 山s (anni吋刷11此i汁}
by wave vector k and spinσ(土) . The plane wave state can be expanded around siLe i 
(r i) as follows 
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whereχσis the spin function , )l (kT) is the spherical Bessel function ， げL is thc spherical 

hannonics wiLh the argument of solid angle [2r of the position vector r or [2k of the wave 

vector k , and V is the volulne of the crystal. 

The second tenn in eq.(3.1) , Hj , is given by 

Hj = 乞 EMfんfKM -l- ;uε f/Mf川LAM~
kM 臼 i ， M 子i. M'

(3.4) 

where Jit (JiM) is 山 C附肌 (annihilation) operator of 山子electron on 山州凶 M
in the 4f she11 at site i , and fkM(fkM) is its Fourier transform , and EM's denote the 

energy levels of the 4J-electron which are split into j二7/2 and j=5/2 rnultiplets undcl 

the spin-orbit interaction and further separated by the crystal-field interaction in general. 

The angular part of i ts eigen function is expressed a.s 

INf) = 乞 bf 乞 arma~m([2r _ri)χa ， (3.5) 

whereμis the z-component of the total angular lnomentum , ) , and arrlLa are the Clebsclト
Gordan coefficie時， and b~J are coefficients specifying the 町山l-field level. The last 
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tenn in eq. (3.4) represents the Coulomb repulsion U between f -electrons in the staLcs 

11¥1/) and 1M'). For simplicity, we neglect M-and 1¥1/'-dependence of U 

The last tenn in eq.(3.1) , H c- j , describes the hybridization between f-and con山c tlOl1
electrons: 

f1c-J = 乞(川ふfkM -+-川
kMσ 

(3.6) 

where VkMσ is the mixing lnatrix element which can be calculated with the usc of eqs. (3.3) 

and (3 . 5) ぉ

VkMσ = )4;Vkl 乞 bf 乞 α~TlLorY[TIL(r2k) (3.7) 
μηt 

Here , Vkl hぉ the energy dependence of the lnixing matrix, and is treated as a paralnetcl 
of our lnodel. 

3.2.2 Hybridization and Green Function 

Now we consider the case in which the crystal-field splitting is so large that we can neglect 

the e百écts of excited crystal-field states in the relevant low-telnperature and low-energy 

phenornena. Thcn we are left with two conduction bands (土σ) and two f-levels (土M)
1n this cωe the G悶n functions of conduction-and f-electrons are given by[38 , 39] 

G~(k ， ω) = 1 

� \デ (k)
ω - rL ー

3κω - EJ -~J(k ， ω) 

CL(K3ω) 二 1

Vl(k) 
, 

ω - EJ -~J(k ， ω) _ 
. 
J ¥ .~/ 

ω ーにた

(3.8a) 

(3.8b) 

where EJ is the lowest crystal-field level and ~J(k ， ω) is the self-energy of f-electrons d ue 
to the Coulolnb repulsion U. The hybridization V](k) can be regarded ぉ independcnL of 
σafter an appropriate linear corr以nations of 1 M) and 11¥1/) have becn taken 

げ(k) 三 IVkMσ 1 2 -+-IVkMσ 1 2 二 IVkMor l 2+ IVkM�l2 (3.9) 

The k-dependence of 1う (k) reflects the symmetry of the lowest crystal-field level in genｭ

eral. [39 , 76] For example , in the case of CeNiSn and its isostructual compounds , in which 

the approxﾌlnate local syrnlnetry of the crystal field is trigonal D3d [77] , the energy levels 
split into th日e doublets: 15/2 ，士3/2) ， α15/2 ，土 1/2) 十 b 1 5/2 ， 干5/2) ， and -lJ 15/2 ， 土 1/2) →
α15/2，干5/2) ， withαand b being appropriate constants satisfying α2 +b2 二 1. And jn the 
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case of CeCu2Si2 , the crystal-field g1'ound state isα15/2，土5/2) + b 15/2 ， 干3/2) (u > b) , 

and two excited states a1'e 15/2，士 1/2) and -b 15/2 ， 土5/2) +α15/2，干3/2). Dcpending on 

the sylnrnetry of the c1'ystal-field g1'ound state , the1'e occu1's va1'ious angula1' dcpcndencc 

of the hyb1'idization げ(k). While the hyb1'idization is 日nitc at any direction of k 三ん/Ikl

in the state including 15/2 , 土1/2) , such as 1 土p) 三 α 15/2 , 土1/2) +b 15/2 , 干5/2) , i比t v刊川aωn凶1

along thc quantization axis (z-axis) in purely 15/2 ，土5/2) and 1 士7凡)三 15/2 ，土 3/2):[76] 

V;m (k) = V2 (1 ーと)(1 十 15む) , 

出(k) = V2 ト22(5kj-2A7 十 1) + b2 5(1 ーだ)2 -.4品川 -3U)以z] , 

(3.10a) 

(3.10b) 

where V2 gives Ikl-dependence of V2(k) and z-axis is taken as pa1'allel to the α-axis ， the 
syrnrnetry axis of these c1'ystals 

3.2.3 Effective Hamiltonian for Quasiparticles 

We a1'c inLe1'csted in the low temperature region , in which the physical p1'operLics can 
be described by the renonnalized quasiparticles nea1' the Fenni level afte1' the Hlunyｭ

body effect due to the on-site repulsion U in eq. (3.4) has been taken into account. This 

description is justified when f-electron nUlYlber is nea1' 1 and a CEF spliLting ム is largcl 
than a hyb1'idization V , such as it is shown with the use of slave boson technique in Lhe 
chapter 2. 

These quωiparticles are described by the e紅白tive Hamiltonian 

ιんf汀f= ε2ご匂叫νιC4LLレσfんC
kσ k kσ M=土

一一-
(3.11a) 

where 
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(3.11b) 

(3.11c) 

where the renormalization amplitude zk is defined as 

(3.l2) 

Here, the renorrnalized f-level E f has a k-dependence through that of the self-energy 
~f(k ， 0) in general. However , we 五rst investigate the case where the k-dependence can be 

neglected , because the heavy quasiparticles thelnselves would not be forme 
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had appreciable dispersion. The effect of its k-dependcnce will be discussed latcr in 

relation to the resistivity (33.3.6) and Lhe e百éct of pressure (83.3.8) 

Then we can rewrite the Green functions , eqs.(3.8) , as 

σ~(k ， ω)ニー 1 A~ (k)+AC_ (k) 
ω ーとん一げ(k)/(ω -E'f) ω - EL Iω 一 号 7

G~(ん) =~ ZK 二 Zふ(~~(k) +A~(k) ト
ω -Ef -V/(k)/(ω - ~k) 化い - qlω -Ek)' 

where Ek are two hybridized quas印arL凶 bands given by 

(3.13a) 

(3.13b) 

E定 二 HÇk 十 Ef 士ゾ(とた -E'f)2 + 4η川? (3.14) 

where 

り(k) ニ Zk\グ (k)

The residues A�:(k) and A~(k) in eqs.(3.13) are 

(3.15) 

(3.1Ga) 
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(3.1Gb) 

So far we have talked about k-dependence of hybridization lnatrix elelnenLs on general 

CEF g1'ound states. It is conside1'ed that such k-dependence will be specially ilnporLant 

when the Fermi level is located near a hybridization gap. However we do not dispute 

these importance here and we will do it in detail in 83.3.10. First , we will show that how 

匤teresting properties such ん-dependence of hybridization lnatrix elelnents results in , when 

the Fenni level is located in quasi-particle hybridization gap. In particular we will get the 

fact that overall features of some anomalous properties in so-called "Kondo insulaLor" , 

CeNiSn and CeRhSb > which are called "Kondo semﾎlnetal" lately> can be explained in 

the case where the CEF ground state is 15/2 ，土3/2) .. We will discuss this 1閃erna創1官1'kμ位ωωa叫ble f仏acωL 

below. While other "Kondo insulators" , such as Ce3Bi4Pt3 , SlnBô , are in future probleln >

those will be argued frorn this point of view in 83.4 
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3.2.4 Band Insulator of Quasipartic:les 

As we have rnentioned above , alrnost all the compounds called "Kondo insulator" contain 

even nUIYlber of electrons in the unit cell and have a right to be a band insulator. If 

we assulne that low-energy excitations in "Kondo insulator" can be described by qunsト

paritcles such 3.'3 the lnetallic C3.'3e of heavy fcnnion systeln , it can be considered that. 

at low telnperature "Kondo insulator" fonns highly renonnalized quasi-particle bands by 

sLrong correlation e百ect between f -electrons and its electron filling conesponds to Lhc 

band insulator. 1n one word we can say that “Kondo insulator" is the quasi-particlc oand 

insulator. We wiU state whether the quasi-part祥le bands can be fonned in the insulating 

case. Hereafter , we focus on the properties in the quぉi-particle band insulator. In such 

case of the electron 日lling corresponding to the band insulator , the renonnalized Fenni 

level is located in between Ek and Eん forming the renormalized hy bridi凶ion gap and 

low-energy quasi-particle excitations reflect this gap structure seriously. As the gap sLrucｭ

ture is related to the hybridization lnatrix elements:, k-dependence of this hybridization 

becolnes very ilnportant. This k-dependence is determined by the character of the CEF 

ground state at J -site. We mainly investigate the case where the ground crysLal-[icld 

level is 15/2 ，土3/2) ， which turn out to be consistent with anomalous properties of CeNiSn 

as discussed below.[78] Then , due to eqs.(3.10a) ,(3.14) and (3.15) , the hybridization gap 

ム(kωis given by 

り(kß ) げ (kB ) - r,r 1 , ﾎ_2 
ム(kB ) 竺 2C22zk 二 TK (l -k~z)(l + 15k~J (3.17) 

ﾇk
B 

I'¥;B ﾇk
B 

where kB denotes the wavevector at the zone boundary and TK 三 2ZkBV2 / D. FOl 
s�plici ty we neglect I k I-dependence of V2 and k-dependence of Z k

B
' 1n deriving eq. (3.17) , 

we have assulned that the renonnalized hybridization ♂kB V is lYluch Slnaller Lhan the 
bare band-width of conduction electrons 2D. Thus the hybridization gap vanishes aL 

points on the zone boundary w here kBz ニ土 1 and becOll1es a pseudogap. That is , Lhe 

renormalized DOS have no clear gap threshold. This is to be cOll1pared to the “axial-likc 

gap" in anisotropic superconductors , although the resultant DOS is totally different 3.'3 

discussed below. 
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3.2.5 Effect of Impurity Scattering 

1t can be shown , on the basis of the Ward identity a1'guments , that the s-wave iInpurity 

potential 'U is 1'eno1'malized by lnany-body vertex conection as[79] 

ん 1 ， θ~j(k ， ω)l 1 
u-→ U=U'll- 一一一ー一一一一一 I = - '11 

I åωJ w=O Z 山
(3.18) 

This 1'enonnalization is shown in Fig. 3.1 in te1'ms of the Feynlnan diagrarn. Then 

x x x X 

u : u : _ _ u: u; 

^+A~ (1 → 3日)ハ -A 

Figure 3.1: The diagram fo1' the many-body vertex. co1'rection of ﾏlnpurity scattel・ ing. The 

broken line rep1'esents the impurity potential U of s-wave , the external solid line the G1'een 

function of the J -electrons , and internal solid line stands both f-elect1'ons and conduction 

elect1'ons. r is the full vertex due to the CoulOlnb 1'epulsion between f -electrons. 11, is a 

1'eno1'malized potential of ﾍlnpu1'ity scattering 

fo1' strongly conelated systerns whe1'e z-l 二 m*/Tn >> 1, the impl山ty scattering always 

becomes that of unitarity limit , i.e. , 'ﾜNF >> 1, even if the bare potential 'U is lnoderate 

one , i.e. , u jVF~ 1. Then the Green functions of the conduction-and J -electrons are gi ven 
by 

。;(K7ω) ニ
r り (k)

μ) - (-，，， 一-

J 九 ω - E j - i ZkIIn~imp(ω) 

G{[(k ， ω) 二 之島 .-_i) ,,_ ¥. 1 

Vf(k) I 
ω - Ej -i zた hn~imp(ω) -~P

一 ω ーにた

whe1'e the self-ene1'gy ~imp 

imation by 

~imp(ω) =ηlmp JL F , _ " 

r"  ....' - 1 ーの ;GU(た ?ω)'

k 

(3.19a) 

(3.19b) 

(3.20) 

where 'l�lllp denotes the iInpuri ty concentration. 1n del'iving eqs. (3 .19) , the self-energy of 

conduction elect1'ons due to ﾌlnpurity scattering has been neglected because the reno卜

rnalization , such as eq.(3 .18) , does not occur. Equations (3.19) and (3.20) need to be 
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solved self-consistently as in the case of heavy fennion supe1'conductors , where the illlpUｭ

r�y scattering in the unitarity l�it is known to give rise to appreciable residual DOS in 

the V -shaped gap even fo1' a very small Íl叩urity conce山川ion . [80 ， 81] 

3.2.6 Quasi-particle Density of States 

The quasi-particle DOS are calculated as follows 

ル)二五[5(ω - Et) + 5(ω 一 Ek )] , 

=川l川α(1+25とう 5(ω - E)Ð(IEI ームj(kz)) 川
where 

ム土1/2 (ん)三 IK 2(5k! -2と十 1) , 

ム土3/2(ん) == TK (l ーと)(1 + 15だ) , 

ム土5/2 (ん)三 TK 5(1 ーだ)2

(3.22a) 

(3.22b) 

(3.22c) 

1n deriving eq.(3.21b) from eq.(3.21a) , we have assulned for simplicity that t11e COlト

duction band has a linear dispersion with constant DOS , NF , and extending froln ー ρto

D , and Ej = O. A result of nUlnerical calculation of iV(ω) ， eq. (3.21 b) , is shown in Fig. 3.2 

Here , the relation between the hybridization V and renormalization factor z is detennined 

as zV2/D 二 O.OlD . The shapes of quasi-particle DOS shown in Fig. 3.2 have characｭ

teristic features ぉ follows: in 15/2 ，土 1/2) there is a well-known constant hybridizatioll 

gap; and in 15/2 ，土3/2) N(ω= 0) is finite and it exhibits four-peak structure, i.e. , thcrc 

exist two energy scales (ム 1 = 1K 二 0.02D ， ム2 ::: 0..08D); and in 15/2 ，土5/2) ん(ω ニ 0)

lS 1n おlite like 1ν/んyfw. T引h悶 p戸仰1ωO叩p阿e飢仙r凶山ties can b民e ω伽i均ly u叩nd白伽e臼rs山tωO∞Oωd by inve 

wave-vector k dependence of the each hybl 口idization gap. S tr‘'uctures of hybコr口'idiロz乙atìon gaps 

(伶3.22ゐ刈a吋) iおs indicated in Fig. 3.3. It is notcd that the 日 are a few points at which each ムj lS 

fiat and those energies correspond to peak st1'uctures at DOS. That is to say, cach pcak 

structure at DOS results from well-known Von Hove singularities. The reason why the 

DOS of the state 15/2 ，土5/2) is infini te at ze1'o energy is so , too. The cぉe of the s tate 

15/2 ，士3/2) ， which we will investigate in detail below , is particularly interesting. 1n this 

cぉe there exist a few states in the hybridization pseudogap ム1 ・ These states 1'esult frorYl 

the fact that the hybridization gap vanishes at points (ι= 士 1). This shape of DOS 
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around the Fermi level ω 二 o can be calculated analytically as 

υー 1 _ _ ( 19DL \ ー
JY(ω)2NF7-7つ5" 11 + 2 ( 1 + _ _. ~ ~~ _ _() 1 三+

b4z V <. 1 ¥.  12 ・ 32zVL ) D ' (3.23) 

This is in 111al'ked contrast with the case of heavy-fel・mion superconductors , wherc the 

一一一一jz=1/2

--J =3/2 
Z 

4=5/2 
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Figure 3.2: The density of states , j\1(ω) ， of the quasipa出cles as a function of ωin the 

unit D , half the band-width of conduction band. The Fel・ 111i level is located atω = 0 
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peak st1'uctures at DOS 

The reason fo1' this cha1'acteristic to hold is point node leads to DOS proportional to ω2 

that there exists a singL山r i tyαE-27ln the 日l'st factor of the integrand of (3 .21b) > which

al'ises froln the Jacobian Id�/dEI = 1 + V}(ん)/E2 
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Furthermore , it is lnore interesting that there exist two energy scales , which is related 

to the existence of two extrelnUlTI values of ム土3/2 (ι) ， eq.(3.22a): ム 1 corresponds to thc 

miniInurn of eq.(3.22a) at 人:z = 0, at which the hybridization gap is given by lK , an 

ム白2… po 凶 to the lnax�urn of eq. (3.22a) at kz = f7il5, in w仙hid凶i 山 h山
gap bec∞olne邸s lnax幻llnu凶ln. The ratio of ム2 and ム 1 lS glven as ム2/ム 1 = 64/15. Most of 

these propcrties are kept wi thou t asyullnetry of DOS so far as an energy dispcrsion of 

conduction elcctrons along ん go across a J -level. 

There is another scenario which presenLs these two energy scales. It is the case where 

the CEF ground state 15/2 ，土p) is rnainly 15/2，士5/2 ) with small ad日以ture of 1 5/2 ，土 1/2)

ム土p (l) 二 11<，[a22(5l; -2ど十 1) 十 l?5(1-k;)2 -4品川~-3旬以z] , (3.24) 

whereα く b. The lnost Íl叩ol' tant difference between 15/2 ，士]J) and 15/2，土3/2 ) is whethel 

the Slnall gap ム 1 is a pseudogap , i.e. , Lhe DOS at the Fermi level exists. If we quantiLaｭ

tively discuss physical properLies in the realistic band structure, then it is qucsLiollablc 

whether we can distinguish such differer悶 However ， we lnake clear the case of 15/2 ，土3/2)

below on sorne circumstantial evidences. 

3.2.7 E百ect of Impurity Scattering on Density of States 

Next let us consider the e百écts of �purity scattering on quasi-particlc DOS. From 

eqs.(3.19b) and (3 .20) , DOS is calculated self-consistentlyωfollows: 

ん (ω) 店 1 ァ -ZKMimp(ω)
πτ/ 弁 zkVl(k)γf...._Tyy-，" ( , .\l l w -~'f - .~ J ; I ) + I Zk1m~iI11 P(ω)1 
¥ w -ﾇk J L ー」

長2πZkN (ω)
1mε丸im口rn叫1

) 1 十 ü~ (πZkN (ω)リ

(3.25a) 

(3.25b) 

Results of nUlTIerical solution of eqs. (3.25) are shown in Fig. 3.4. One can see thaL Lhe 

residual DOS at the Fenni level , N(ω = 0) , is very sensitive to the iInpurity concentration 

and drastically increases with the iInpurity concentration nimp' 1n Fig. 3.5 one finds 

that N(ω = 0) is roughly proportional to v1日p . Precisely speaking, the residual D08 

exists , even 1f nimp = O. 80, in the liInit , ni Ol p • 0, its nimp-dependence is given by 

N。、11 十Co11imp ， where No is the residual DOS without impurities , and Co is a proper 

constant of order unity. This is to be cOlnpared with the irnpurity e百éc ts in heavy fcnnion 
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Figure 3.4: The e百ect of the impurity scattering on the density of states 
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Figure 3.5: The density of states at the Fenni level as a function of the illlpurity concenｭ

tration 

S叩el' conductors . [80 ， 81] The square-root dependence of the residual DOS hぉ also been 

deri ved on the basis of a di百erent picture , where it is understood as an impurity band 

sﾌlnilal' to the doped selniconductor; naIllely the doping accolllpanied by variation of 

carrier number is necessary to obtain 日nite DOS in the true gap.[82 , 83] Our theory has 

been developed to discuss the case where canier nu:mber does not change , whilc it is ea.sily 

extended to the cぉe where carriel's are doped. 
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3.3 Physical Properties 

1n this section , we study the qualitative aspects of several physical quanti ties and cornpare 

them with experi1nents in CeNi8n. For sirnplicity let us forget that hybridized bands 

have been formed by the quasiparticles which have the finite lifetime and ぉsume that 

these bands respond 1'igidly to exte1'nal fields , i.e ・， quasiparticles have in日nite life-time 

Therefore any results in this section are unreliable at high te1nperature 01' at high ene1'gy. 

However physical properties at present low temperature and low energy region are enough 

trustworthy. 801ne characteristics at high telnperature 01' at high energy can be improved 

by considering the lifetirne of quasiparticles such as the temperature dependence of quお 1-
particle D08 

3.3.1 Specific Heat 

The specific heat is calculated on the basis of the quぉi-particle picture > and the elecLronic 

specific heat coeffìcient ， γ 三 C(T) /T , is given ぉ follows

γ =210∞川(E)x2sec内) , (3.26) 

where x = E/2T. The temperature dependence ofγis calculated with the use of eqs.(3.21) 
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Figure 3.6: The te1nperature dependence of the specific heat coefficientγThe uni t of the 

te1nperature is D , half the band-wid th of conduction electrons. Circles are experimental 

data (Cm/T) of 1' e f. 52 ム1/2 = O.OlD corresponds to 7K 

and (3.25) and is shown in Fig. 3.6. A peak structure is found at T rv ム 1/2. It is noLed 
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that γis finite at T 二 0 ， which l'esu1ts frorn the existence of the residual DOS at 7ì imp 二 O

Ifム 1 is fixed as ム 1/2 = 7K , these resu1ts are in good agreernent with the experiInental 

data[51-53] at T くム 1 ， where the rnaximum of theoretica1 curve for γis adj us ted so ぉ

to agree with the experiment of l'ef.52. We have a1so vel'if�d that the sarne quality of 

agreelnent with the data of ref.53 is obtained while its abso1ute value of Cm/T i店s about 

10% 1a創r‘芭ge臼r thar口1 that 0ぱf reぱf. 52 . Howeve臼r a叫t T > ム 1 the ag♂reemen川t bec∞olne pOOαr. It i店S 
p戸凶a剖rtl砂y lln口lnp戸roved by c∞ons1ほd仇e臼町nn、

Fu山l口l' t山h児ler臼nnoαr、e，おsUlning that the effect of the magnetic f�1d is only inducing the Zeeman 

splitting , the magnetic-f�1d dependence of γis obtained ぉ

γ= 10
00

川(E) [x~se州x~) + 己sech2 (え)] , 

where 2，'土 = (E 土九)/2T ， h = gJμB I Jz IfI , gJ bei時 a g-factor. The results fo1' various 

temperatures are shown in Fig. 3.7 , The coefficientγat low teluperature exhibits two-

(3.27) 
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Figu1'e 3.7: The specif� heat coeffic ien t ， γ ， as a function of the magnetic field , h. The 

unit of h is D , half the band-width of conduction electrons. 

peak structure , which reflects the pealく structu re of DOS. This prediction has noL yet been 

observed , partly because the strength of the magnetic f�ld is not enough 



Chapter 3. Jnterplay between Crystalline Electric Pielcl and J{ondo Jnsulator 主

3.3.2 Longitudinal Relaxation Rate of NMR  

The longitudinal NMR 1'elaxation はte ， 1/T1, is obtained as follows 

1γ1; >Y\ や Imχ 一+(q ， w)
町、 一 ω→67ω

公 f∞ dEÑ(E)2sech 2 (互)i
)0 ' 1 '2T'T 

(3.28a) 

(3.28b) 

He1'e we have assumed that the quasi-particle DOS directly a百ects 1/T1 at Sn site via 

the c-f exchange as done in the analysis of expe1'iIYlental data. The good reason of this 

assulnption includes unsolved probleln that what Ni¥lIR observes. This is one of the future 

proble1Yls. The results of numerical calculations of (3.28b) , tωoge抗th児1e1臼l' with expe臼1'1日ln e

dat凶a ， [18司] a1'e shown in Fig. 3.8 fo1' the same paraIneters as in Fig. 3.6. Fo1' the telnperature 

100 

Cに了

4
E
E・ハ

U
イ
l

ド
、、h

---10・ 1

10 ・2

10-3 10・2 1 0・ 1

T 

Figure 3.8: The longit吋inal Nl'vIR relaxation rate , 1/T1 (in arbitrary unit) > as a function 

of the te1nperature T in the unit D , half the band-width of conduction electrons. Triangles 

and crosses are experirnental data of 1'e f. 18. ム 1 = 0.02D corresponds to 14Iく

region , 0 . 1 ム l え7';ミム 1 -::: 0.02D , 1/T1 shows the T3-like behavio1' reflecting the fonnation 

of the pseudogap atω2 ム 1/2 of DOS as shown in Fig. 3.2 , and fo1' T ，.S 0.1 ム 1 ， i t shows 

T-linear behavior reflecting the residual DOS at the Fermi level. These behaviors well 

1'cproduce the T-dependence of l/Tl observed in the expe1'ilnents ,[18] if ム 1 is fixed as 

ム 1 = 14K. In addition , 8..'3 increぉing impu1'ity concentrationηimp ， the resicl ual DOS rises 
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up drωtically and the T-linear behavior lnぉks the y3-like bchavior. 1'hcse arc also in 

agreelnent with the experirnents ,[18] whe印 the 印sidual DOS shows the 'lLilllp-dcpcndence 

quite sﾌlnilar to the theoretical curve shown in Fig. 3.5. Herc one can see that ilnpurities 

have very irnportant e百ects.

1'he above results have been derived on the bæョis of the quぉiやむticle picturc , so 

that , strictly speaking , its validity is assured only in the low telnperature region T く rf K
However , it lTIay be extendcd to lnuch higher telnperature region as fal おしhe quali taLi vc 

ωpects are concerned. lndeed , 1/1� in Fig. 3.8 exhibits thc localized characLcr of j'_ 

electrons for T > TK 二 0.021) ， 1/T1α TO ， and approaches ぉYlnptotically Lo the 1くonmga­

likc behavior at rnuch higher tenlpcratures , 1/1'1 cx T , as can be infcrrcd frOln Lhe quasト

particle DOS shown in Fig. 3.2. ln the latter region , the NMR rclaxation is expccLcd 

to occur lnainly through the coupling with the conduction electrons as in LaNiSn. [17] 

Recently such a behavior ha.s been recognized by an analysis of the data o[ l/Ti up to 

the room Lelnperature. [19] 

Furthennore , the lna勾gnet仙tic児C 白field dependence of 1νlT:引1 ha鎚sb悦ee叩n discussed b匂y Na比1叫北k低伽a創I山I

et.al.. 1'his effect lnasks the pseudogap state such a.s in the case of ﾏlTIpurities. IIowever , 

this case , which is different frOlTI the ca.se of ünpurities , can be explained by the silllple 

Zeelnan splitting of the quasi-particle DOS. 

3.3.3 恥1agnetization

1'he quぉi-particle contribution to the lnagnetization is calculated as 

f∞ N(E) 
M=ldElf(E-lL)-j(E+lL)l-E- (3.29) 

1'he results are shown in Fig. 3.9 where one can see that the lnagnetizatio凡 in the unit 

YJ μB I Jzl ， is propo出onal to h, in the unit D , at low rnagnetic field and the slope is gi ven 

by the residual DOS. However , as increぉing h the magnetization drおtically increぉes

at h > O.OlD owing to the two large humps of DOS atω= 土ム1/2. 1'hese Lcndellcies 

are [ound in the exper�ental data[84]. 1'he slope of the magnetization at low field is 

enhanced by slnall aInount of ﾍ1npurity and the whole sLructures of -^ィf-h CUl've shade off 
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Figure 3.9: The magnetization ，ル1 (in the unit gJμB I}z 1) , as a function of the rnagnetic 
field h (in the unit D) at T = 0 

3.3.4 Uniform Spin Susceptibility 

The unifonn susceptibility along the easy axis (a凡xis) ， in the unit (gJμBIJz l)2 / D, is given 

by the derivative of the 111agnetization as 

hχ川 (3.30) 

Its ternpe1'ature dependence shown in Fig. 3.10 exhibits the peak structu1'e like γas 

discussed in 83.3.l. Ho附ver ， the tel11peratu1'e at which Reχ(0 ， 0) has the Inaximur11 

(T '::::.ム 1) is diffe 1'e凶 f1' 0111 that f01γIncreasing ir叩urity concent 1'ation , the sha1'p dip 

at low tel11perature is filled up rapidly. Since the susceptibility (3.30) is given only by 

the contribution of the quasiparticles , the Van Vleck term is not included. If the latter is 

Sil11ply a constant , the obse1'ved 1く night shift[18] fo1' fJII αrepresents the behavior of the 

uniform susceptibility Xへ which is in agreelnent with the curves of Fig. 3.10 

Since 0-and c-axis are not the easily axis , most contributions toχ !J andχC resul t froln 

CEF excitations , such ぉ the Van Vleck term , which require high-energy process. These 

may be sl11all since 1110St parts of the susceptibility C0111e f1'oln the quasi-pa1'ticle part in 

nf '::::. 1 such as Cerium compounds. Thus , the anisotropy of the susceptibility 1'eflects the 

CEF splitting. This is the reason whyχb and χC in the experimental data are sl11all 



Chapter 3. Illterplay between Crystallil1e Electric Field ancl I(oncJo Insulator 51 

10 

8 

ハ0
4

0
0
)
N
U
広 一一一一 nimp=O.OO

-f7irT1P=0.01 

....f}lfT1P=0.10 

0 1 量 L____，_ I' ー__L__
0.00 0.02 0.04 0.06 0.08 0.10 

T 

2 
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3.3.5 Neutron Scattering 

So far , the neutron scattering experiments can be characterized by three points as follows 

(1) peak structure at ω 二41neV and Q 二 [Qα ， 1/2 ， Qc] (Qα ， Qc:arbitrary) (2幻)仁qμu凶la邸Slト-on
仁d出limensiona却叩lハity along Qb. (3) antifenomagnetic spin fluctuation at ω =2IneV and Q 二

[0 , 0, 1] 

The spectral intensity of neutron scattering can be regarded as the iInaginary part of 

the dynarnical susceptibility, the spectral weight of J-spin fluctuations , without strucｭ

tural factors. One can calculate quasi-particle contributions to the imaginary part of the 

dynalnical susceptibility without a vertex correction as 

1mχ(Q ， w) ~πkEJJ(EL) 一川+ Q)]6 (ω - Ek + Q + E'k) (3.31) 

where J(E) is the Ferr口lTIl

The spectral weight (3.31) has been calculated numerically with the use of the quお1-

particle dispersion , eq.(3.14) , for specified Q's. The spectral weight at Q = (1/2 , 0,0) 

is shown in Fig. 3.11 (a) , which shows that there exists a broad hUlnp aL aroundω ニ

0.08D. (It is noted that :1;-, y- , and z-axis here corresponds to the /.;ι- 】 Cひ-， andωX店

respコ光ect iv刊ely 0ぱf CeNiβSn叱lじ; so that Q = (1/2 , 0, 0) implies Q = [0 , 1/2 , 0] in the notation of 

experirnents of CcNiSn for instance.) This structure conesponds to the transition frorn 

one peak o[ DOS atω - -0.04D to another atω = 0.04D in DOS. For exalnple , the 

fonner pealく conesponds to the quasiparticle at k l 二 ( -1/4 , 1/2 , 1/2) , while thβla t tel 
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The spectnun at Q = (0 , 0, 1/2) shown in Fig. 3.11 (b) has a peak at aroundω = 0.06D , 

which conesponds to the energy from an edge of the gap atω = -0.02D to one pealく at

ω = 0.04D in DOS. Fo1' example , the forn1e1' peak corresponds to the quasipa1'ticle 叫 ん 二

(1/2 , 0 , 0) , while the lattel 叫ん= (1/2 , 0, 1/2) , because k3z = 0 and k-lz f'.J ，fi万5 . Thus 
Q = k-l -k3 = (0 , 0, 1/2). It is seen that a diffe1'ence between the two spect1'a a1'ises from 

that of the possibility of ene1'gy t1'ansitions in the pseudogap. Since the hybridization gap 

vanishes along the z (α)-axis ， thel'e exist low ene1'gy excitations fo1' the t1'ansition betwcen 

However , these two spect1'a a1'e 1'ather sirnilar to each other two points nea1' the z (α)-axis 

experirnentally, since the spectral weights at points corresponding to transitions in the 

Aωitionally speaking , the spectruln aL Q = (0 , 0 , 1/2) can not 

be observed expel'ﾌlnentally due to the structural factor. The spectrurn at Q = (1/2 ,0, 0) 

pseudogap are very slnall 

conesponds to inelぉ tic neutron scattering spectrurn at Q = [0 , 1/2 , 0] 

The spectral intensity atω = 0.08D ~ム2 an d Q = (Q x , 0, 0) = [0 , Qぃ 0] is cOlnputed 

as a function of Qx(Qb) and shown in Fig. 3.12. One can see the peak at Qx(Qu) = 1/2 

The 1'eason is that the peak shifts to higher energy as deviating f1'orn Qx (Qu) 二 1 /2

featu1'es are consistent with Qb-dependence of the intensity at 4.25lneV in Lhe inelastic 

These 
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Figure 3.12: The intensity of hnχ(Q ， ω ニ ム2) in é山

of Q = (Qx ,O,O) = [O , Qb , O] at T = 0 

ne山on scattering.[55] The characteristic (1) can be explained by particle-hole excitations 
of the quぉiparticl es in this way 

Essentially, the details of these spectra are lnodified according to choices of the disperｭ

sions of conduction electrons , though characteristic structures do not change 

when the conduction band do not cross the f-level in SOlne direction in the k-spacc , the 

IIowever, 

excitation energy is rather higher and the spectrum can not be observed at low energy 

This case lnay be realized in the low-energy spectruln at Q 11 ひ aX1S

in the experiment. [55] If we give thought to Sl凶 anisotropy of the conduction band , 0 1' , 

reglon in general 

detail band structure, the characteristic (2) lnay be also explained 

To discuss the charactel凶c (3) the fact that there are two kinds of Ceriurn ions in 

one unit cell must be taken into account. It is necessary that we know the information of 

the hybridized band structures in detail to verify exactly the neutron scatLering spectra 

We can only stress that the peak structure at ω 二4meV corresponds to the particlc-hole 

excitations at the specific energy scale ム2 at the quasi-particle DOS and is available 

independent of details of the band structure without respent to its one-dimensionality 

Recently, the neutron scattering in CeNiSn is actively investigated and it has becn 

shown that its pressure dependence and its lnagnetic-field dependence. By these exper-

ﾌlnental data we can confinn that the peak structure at ω 二4meV is composed of Lhe 

particle-hole excitations corresponding to ム2
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3.3.6 Anisotropy of Resistivity 

It is the resistivity thaL is one of the rnea.sures to cla.ssify the heavy-fennion 11laLerials 

into “Kondo insulator" 01' not. The resistiviLy in heavy fennions exhibits the Kondo 

effect at high ternperature region and lnetallic 01' activation-type behavior at low tcrnpcrｭ

ature l'egion. We are interested in the behavior at telnperatures lower than the coherent 

temperature Tcoh , in which the cuncnt is carried by the quぉiparticles. In this ca.se the 

cond ucti vi ty can be eval uated by 

町山 (3.32) 

where Jkμ is the velocity of the quasiparLicle and TA~ is its lifetﾌlne. [38] Assu山崎 that Lhe 

山croscopic expression of the current is given only by the conducLion electrons (neglecLing 

the dispersion of f -electrons) , the anis 

σ円| α守?E?A4川ユ日μ川(仇例附k刈げ)2υ以叶哨州州(伏例附附k刈げ附)戸升2T叫γ
αj叫叶(噌dつ) 

σ上 α守??E?FA4川ユ日μ削(仇例附k刈ザ)2川2

α f 仇叫fμdω仇Q%Uk〆JS幻勺
i

A勾k = ( -zkhn~f(k ， Ek )) り(k)+(-I凶c(k ， Ek)Ek) 

(3.33a) 

(3.33b) 

(3.33c) 

(3.33d) 

(3.34) 

whereσ11 and σ上 are the conductivity along the α-étxis and in the bc-plane, respecLively, 
and 

1 AK 

M EL 十り(J~) 

衂k 
1 (J¥  

åçl, 
Uz(k)=-E and h(k)=-E 

θkz θkx 

(3.35a) 

(3.35b) 

Here we have introduced ~c(k ， E k ), the self-energy of the conduction electro爪 because σ11 
in pure systeln diverges logarithrnically otherwise , reftecting the fact that the conducLion 
electrons al'e decoupled froln f -electrons in the z-direction (α-axis) where the hybridization 
vanishes. We regard the renonnalization factor of conduction electrons froln ~c (k ， Ek) as 
l. In this lllodel the conducti vity in the bc-plane is isotropic unless the anisotropy of the 
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conduction band is taken into account. 1n deriving (3.33d) from (3.33c) , we have taken 

into account only the low ene1'gy excitations around h;z =士1 so that the obtained 1'esult 

should be rega1'ded ぉ that fo1' asyrnptotic behavio1' in the lirnit T • O. 

1n order to discuss the ternperature dependence of the conductivity at low tempe1'atu1'e 

1'egion , we must calculate the energy dependence of the imaginary pa1't of the self-ene1'gies 

For silnplicity we calculate these along a standard treatment of the Ferrni liquid theory 

neglecting the lnomentum dependence of the ful1 vertex: 

凶μ(k ，Et) α Jd附A4午(た 一 q)A氾州均と引川(ωp州)

6引(E号k +E'与長一 E号L 一 q(一 E弓b 十 q)' (3.36) 

whereμ- C 01' f. These integrations are com.puted by the Monte Carlo calculation. 

The numerical results are shown in Fig. 3.13. From this one can see that the energy 
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Figu1'e 3.13: The energy dependence of the self-ene1'gies , (a) 1m~c(k ， Eん )and

(b )1lnL: J (k , Ek) at ze1'o telnpe1'atu1'e. The st1'aight line in (a) and (b) shows Ef ancl 

E2 dependen民1'eceptively. The unit of Eん is D , half the band-width of conduction 
electrons. 

dependence of Irn~c(k ， Ek) and Irn~J( た，Ek) nea1' the Fe臼1'1口Inl

can be approxiInated by Ek and E'k, 1'espectively. FUl 山ermore ， we ぉsume that the 

temperature dependence of Irn L:J.l (k , Ek) is given with 1'eplacing E'k by 11laX (Eﾁ: and 
(πT)2) ， お can be seen flom the stluctule of the Gleen functions By using these lEsuits 

we can estimate the temperature dependence of the resistivity. Substituting these. energy 
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dependence into eqs.(3.33) , we obtain up to the loga1'ithrnic accuracy 

σ11 cx: T-1 , and σ」-cx TO? (3.37a) 

l.e , 

刊iα
 

上ハμ
'

A
u
 
n
 
a
 

T
 

Nは
ハ
y (3.37b) 

Next we discuss the effect of impurity scatte1'ing onσ11 ・ For sirnplicity we fìrsLωsume 

that the self-energy Irn~c (k ， Ek) and IIn~f(k ， Ek) are independent of Ek and proporｭ

tional to the irnpl川ty conce凶ation 'nill1p' ln this case, by using eq.(3.33b) , we obLain 

σJ|mPα T2 j日irnp , i.eρillPα nimpT- 2 
(3.38) 

However , if the Slna11 dispersion of J二electrons due to a possible weak k-dependence of 

the J-electron self energy, ~f(k ， 0) , the current can be canied also by J-electrons , so tl川

r ,} D _ r,}Í) 1 ¥1/ ( k) ( θJ(Ek ) ¥ __ 1 
σ11α I dEk I dDk ~2 一一一 卜 | 
jκjκιEk k̂ \ δEk ) ~ ' n刊1im

Thus the singularity of the resistivity (3.38) at T = 0 is suppressed. Nevertheless , thc 

(3.39) 

1'esidual resistivity in the limit T • o increases drastica11y as increasing the ﾍlnpu1'i Ly 
concentration nimp. If we take a11 the contributions of the quasiparticles into consideraLion , 

including the logarithmic corrections , the resistivity is given by 

ρ。

ρ11 ニ ノ 、

い1I1lp 十 (Tj九)3)-1 C1 十 (T/九十 ηimP )-13 
) ~1' ¥log(c2TKjT) I (TjTK)21og(c3TKjl')) 

(3.40) 

where (;1("-' 0.1) , C2("-' 10) and C3("-' 5) are fitting paralnete爪 which are connected with 

the slnall dispersion of f -electrons , the interaction between conduction elecLrons and 

ilnpurity scattering of conduction electrons with the Born approxirnation , 1'espectively 

ni町内jC1 is the resistivi ty at T • O. The 1'esistivity fo1' proper pararneters are shown in 

Fig. 3.14. These results a1'e in qualitative ag悶ment with the experimental data.[51] In 

particular , the ternperatu閃 dependence of ρ11 (ρα) observed in the best sarnple Lo datc is 

we11 reproduced as seen in Fig. 3.14. It is also found that the resistivity is sensitive to the 

concentration of �purities at low telnperature in consistent with the experirnenLs. 

It should be remarked here tl川 the wealく k-dependence of ~f(k ， 0) inevitably gives 

rise to a s口lna叫11 selnÌlne抗t凶a叫l日li児c Fe臼n町ml

the zone boundary) in general , so long as the hybridization vanishes along the α-axls 

as eq.(3.10a). However , such a slnall Fenni surface is expected to give on1y 1ittle.effect 
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on the qualitative behavior of quasi-particle DOS discussed in previous sections , while it 

sensitively a百ects the low telnperature behavior of the resistivity especially in the case 

where the impurity scattering greatly enhances t;he 1'esistivity as in eq. (3.38) when there 

exists no k-dependence of ~ f(k , 0). 1n deriving (3 .40) , we have taken into account the 

dispersion of f -elect1'on through the k-dependence of ~ f (k , 0) ，間ve川leless we have used 

the salne DOS as eq.(3.21). 1n this sense , the calculation is not self-consistent and the 

1'esistivity (3.40) should be 1'egarded ぉ a p1'ovisional one. Howeve1', the exp1'ession (3.40) 

gives a good desc1'iption fo1' T rv ム 1/2 ， 01' a good sta1'ting point at least 
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Figure 3.14: The resistivityρ 11 as a function of the te1nperatu1'e T , in the unit D , half the 

band-width of conduction electrons. The paramete1's in eq.(3.40) are chosen asρo = 400 , 

C 1 = O. 1, C2 = 10 an d C3 二 5. Closed circles show the temperature dependence of Pμof 

the best sample of CeNiSn.[51] 

We should have a few wo1'ds about ρょ The resistivity Pb and ρc of the SalYlC sarnple 

as shown in Fig. 3.14 exhibits a dip at T rv 3K and saturate at T • O. This rnay 

be unde1叫ood as follows. Since quぉipa1' ticles around h;z - 0 with excitation ene1'gy 

(rv ム1/2) have la1'ge dispe1'sion along X'-01' y-direction , those are expected to c∞O山 ibコu

C∞on凶S1凶de1' aぬbl切Y tωo the concluction perpenclicular to z ( α)-axis at T rv ム1/2 ， leading to the 

suppression of ρ上 (Po ancl Pc). If we use ム 1/2 ~ 7K estﾌInatecl above by 1neans of 1/Tt's 

1'es ult , such supp1'ession 01' dip is expectecl to occur at T:S 7K in consistent with the above 

obse1'vation 
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3.3.7 Magnetoresistance 

Now we briefty discuss about the lon時g♂itωu吋din凶1a叫llna句g戸netoαre白SIおstance (MR). The Ché川a川L

Lhe positive MR  to the negative MR  is obscrved with illcreasi時 rnagnetic ficld.[51] 1'h 

negative MR  at higher field region rnay be caused by the suppression of spin fiuctuations 

by rnagnetic field such as in the impurity Kondo effect. Howevel・， the case o[ thc posiLivc 

MR  at low field is rnore cornplicated. We have calculated rnagnetic-field dependence of Lhc 

lifetime Tk of quasiparticles and verified that Tk is a decreぉing function of Lhc rnagncLic 

field in the low-白eld region. Although DOS at low energies increぉes wi th Lhe lnagnctic 

field due Lo the ZeelYlan splitting o[ DOS , shown in Fig. 3.2 , the wcight of conduction 

electrons of those states decreases in generalleading to the enhancernent of Lhe resistivity 

Therefore , MR  is determined on such a delicate balance beLween the e汀ecLs on Lhe lifcLirllc 

of the quasiparticles and the details of DOS at the Fenni level. The cxperilnental data 

can be understood as follows: MR at lower 日elds is positive by shortening of the lifetﾌlne 

and at higher fields becornes negative due to the drastic increment of quasiparticles which 

can carry the current. 

Let us discuss the positive MR at low rnagnetic field in more detail. By recenL careful 

experirnent at low ternperature it is shown that this positive MR has thc sharp peak 

There is one idea which gives this structure a interpretation. By the lnagniLudc of the 

residual quぉi-particle interaction magnetic excitons may exist in the hybl・idizaLion gap 

in such systern as Kondo insulators. These excitons are collective rnode in the elenlCnｭ

tary excitations and cOlnposed of particle-hole excitations since particles and holes atLract 

each other with the quぉi-particle interaction. If these excitons exist , then a spin gap is 

di百erent frorn a charge gap. Froln this point of view one can interpret that the di日ercncc

between a spin gap and a charge gap in the d 二 1 theory on the bωis of the exact diagｭ

onalization lnethod COlne fr・orn the infinity of the edge in the DOS , because Lhe equaLion 

1 -UeJJReχ (q ， ω) = 0 always has solutions in this case. The case in two di口lne

so , too. 1n three dirnension , however , there rnay exist critical interaction Uc , sincc thc 

edge in the DOS is proportional to the square root of energy. Assulning that UeJ J > lノc ，

though it is quesLionable whether always UeJJ > Uc, poles of lnagnetic exciLons appear 

in the band-like spin gap at the susceptibility. We compute the susceptibility involving 

vertex corrections wi thin the randorn phωe approxirnation , for exarnple, in Lhc isoLropic 

case and dernonstrate these in Fig. 3.15(�). Reftecti時 the rnagnetic excitons one can see 

the sharp structure at the positions where 1mχ (q ， ω) 0 before cons凶ring the RPA 

(Fig. 3.15(α)). Under the rnagnetic field Lhese peak structures splits into threc peaks , 
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If the position of this peak is located in the since these magnetic excitons have spin 1 
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Figure 3.15 

particle-hole excitations in one-body bands. 

under the rnagnetic f�eld 

energy Emαg ， one of th1'ee peaks go across the ze1'o energy under the rnagnetic field h'll!ug 

corresponding to Emag. 1n this time the 1'esistivity rnay rise up since the redundant scat-

te1'ing process with the collective lnode becOInes 1'ather e百ective in the scattering process 

between the qua.sipa1'ticles which carry the current.. Estirnating hmα9 a.s the posi tion of the 
Because a.ssuming that sha1'p peak at the positive MR  observed in CeNiSn , Uef f ::::ム l

the rnagnitude of the quasi-particle interaction is the sarne degree a.s in the irnpurity ca.sc, 

IIoweve l・ 1i t is typically abou t ム 1 ， the above estimation is not necessarily out of place 

such peak structures are not observed yet. Rather , the sharp peak obse1'ved in 5mB� lnay 

be such collective lnodes. 

Pressure Dependence 3.3.8 

Next we discuss the pressure dependence on the property of qua.siparticles. As the lattice 

constant becOInes short under the pressure , both the band-width D of conduction elcctrons 

and the hybriclization V are enlargecl. However , the fundalnental energy scale V2/ D is 

expected to be an inc1'easing function of the p1'essure because V is much 1no1'e scnsitive 

than D fo1' heavy fennions 工;v here V arises th1'ough rather slnall overlap bctween f-J.nd 

Much rnore pronouncecl effect of pressure on the hybridization gap cond uction electrons 
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(3.1 7) arises through enlargelnent of the renormalization arn pli t ude Z k. 'rhis is bccausc 

Zk 﨎 an exponentially small quantity as (3.41) fo1' heavy fennions so that its rclative 

change under pressure is far larger than that [01' V and D thernselves. Therefore , the 

energy scale of the gap is expected to increase by applying the prcssure > and so is the 

resistivity in eq. (3.40) , which is scaled by TK 
This tendency is consistent with the behavior of CeNiSn and CeRhSb whcre the pealく

of the resistivity shifts to the high ternperature by the pressu1'e.[85 , 86] And also Lhe 

suppression of those 1'esistivity with the p1'essu1'e in the lilnit T • o can be understood 
as follows. As discussed in 83.3.6 , there exists a very tiny selllﾏlnetallic FCl'lni surfacc at 

a1'ound k = (0 ， 0 ，土 1) in general , so long as ~ f (k , 0) has the dispersion along thcα-axlS 

no lnatte1' how slnall it is. After the Fermi surface g1'ows further under the pressure duc 

to the growth of the dispersion of ~ f (k , 0) , an apparent selnﾌlnetallic behavior is expected 

to prevail leading to the supp1'ession of the resistivity. That is to say, a paraIneter Cj, 

which corresponds to åBf(k , O)/8k , increa.ses with the pressure in the fonnula (3.40) , so 

that the resistivity in the l�it T • 0, nimpρ0/ Cl , is suppressed 

3.3.9 Mass Enhancement Factor 

He1'e, let us discuss whether quasi-pa1'ticle band is renonnalized , i.e ・， whethe1' Lhe renorｭ

rnalization factor can be SllWJl. The renonnalization arnplitude Z for the particlc-llolc 

syllllnetric case hぉ been calculated by Rice-Ueda ,[62] on the basis of the GuLzwiller 

approxnI川ion ， and by Shiba[63] , on the basis of variational Monte Carlo calculations 

fo1' the Gutzwiller ansatz , with the use of a model hybridization V2(k) V2. A s i Irト

ilar but lnore extended result has recently been obtained by numerical renonnalizaLion 

g1'oup method[36] , quantU111 Monte Carlo calculation[35] and the exact diagonalizaLion 

lnethod[34] in d = ∞ systeln. We have performed the calculation si口lln凶i

wi th anisotropi比C hybl耐凶r口ω'idiロza叫仙tion V2刊(k) = V2 (υ1 一 k々?わ)， a si口II叩li 白ed version of (3.10ω州a吋). T可he 

resul t for the filling corresponding to band insulator is 

19/12 D2 (3UD¥ 
Z 二-....- exo I ----_ I 
4 V~ ~Hl~ ¥ 32V2) (3.4la) 

which is cOlnpared with that of Rice-Ueda 
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where the hyb1'idization gap is constant and fully opened 
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In those lnodel calculations , the pal'ticle-hole sylnlnetl'y isωsUlned ， so that Lhc ocｭ

cupaLion nUlnber of f-elect1'on n J pe1' sitc is exactly unity, i.c. n J 1. Ilowever , this 

constraint is easily l'elaxed by introducing the asyn1lnetry of conductioll band on Lhc poｭ

si tion of the J -level. The l'efore , it is possible to calculate the HlasS enhancelnent factOl 

in the way sﾏInilar to above not only in the Kondo regime , where nJ ~ 1, but also in Lhe 
valence-fiuctuation 1'egirne 

3.3.10 Quasi-particle Lifetime 

We have neglected an e圧éct of quasi-pa1'ticle damping due to inelastic scaLtering so f8.l 

He1'e we briefiy discuss its e丘'ect on quasi-pa1'ticle DOS and telnpe1'ature dependencc of 

physical quantities. 

Acco1'ding to eq. (3 .35a) , the lifetﾍIne of quasipa1'ticles around kz 二土1 is ncarly 

proportional to (B'k -1-り (k) )/η (k)Ek at low ene1'gy 1'egion Ek くム1. This lifctilllC is 
longe1' than in the ca.se of the nonnal Fenni liquid theory fo1' E k くム1 ・ This is bccausc Lhe 

scattering between quぉiparticles is suppressed at low energy, owing to the resL1'icLion o[ 

phぉespace satisfying the energy-mOlnentuln conse1'vation law. Nalnely, the quasiparLiclω 

with low ene1'gy are locaLed around (0 ， 0 ，土 1) ， so that such phase space is rest1'icted wi Lhin 

narrow region around (0 ， 0 ，士 1). These quasiparticles make the fiat part nea1' the Fenni 

level at DOS of Fig. 3.2 

The quasiparticle , cor1'esponding to the peak st1'uctu1'e at ω ニム1/2 in DOS of Fig. 3.2 , 

a1'e located along kz = O. These quasipa1'ticles also su百e1's little inelastic scatte1'ings , again 

because of the 1'est1'iction due to the ene1'gy-Inolnentuln conservation law. Thus Lhese 

lifetilne is very long, leading to Irn~ J (ιrv 0, Ek) rv O. So it is expected LhaL Lhe pcalく
structure atω ニ ム1/2 in DOS relnains even if the e百ect of inel釧ic scatte1'ing is taken 

lnto account. 

On the cont1'a1'Y, we have no reason to keep the sharp peak structure atω = ム'2 /2 in 

DOS , because the restriction due to the energy-lnolnentum conservation does not suppress 

the inelastic scattering of quぉiparticles forming this peak. So the structure atω= ム2/2

probably becolnes a broad hump 

Howevel・， we believe that the two peak structure in DOS of Fig. 3.2 relnains cven 

though the e百ect of inelastic scattering is taken into account. Indeed , as illustl'ated 

in Fig. 3.16 the DOS calculated by the second order perturbation theory exhibits two 

peak structure sﾌlnilar to those of Fig. 3.2, although the peak atω= ム2/2 is so日what
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Figure 3.16: The DOS calculated by the second order perturbation theory exhibits two 

peak structure. The gap stl'uctUl'e is sensitive to the temperature 

Furthenno l'e, T > ム 1 is the telnperature region where the dalnping e百ect of the qu a:ヨ ト

particles affects telnperature dependence of physical quantities. For T > ム 1 ， t hese peak 

structures of DOS fade out , while the physical quantities are averagecl by tempe ratur巴

dependence of the Fermi distribution. Therefore , the neglect of the damping effcct lnay 

glve nse to no serious errors as far as the qualitative temperature dependence is concerned 

at relatively low temperature regions. 

3.4 Sllmmary a11d Discussiol11S 

On the basis of the iclea of ((acliabatic continuity" , a theory of the anisotl'opic semiconducｭ

tor of heavy fennions has been clevelopecl to explain the anolnalous pl'opertics o[ CeNiSn 

ancl its isostructul'al cornpounds. A di百érence from the conventional se miconductOl・S lS 

that the band gap is fonned by the highly renormalized quasiparticles near Lhc ferllli 

level. So the gap h c凶 ln eaning only at low tClnperature l'egion T く ム 1 (conesponding to 

the hybridization gap) , while the cohere川 peak of quasiparticles fades out exhibiting the 

behaviors of the Kondo lattice rnetals. [87] 

vVicle range of anOlnalies of CeNiSn can be understood by a rnodel of the anisotropic 

hybridization gap which vanishes along the α-axis . The anisotl'opy of the gap reflects a 

ん-dep endence of hybridization rnatrix elernents between the conduction electrons and Lhc 
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f-electron with particular sylnlnetry of the crystal field state. The desirablc k-depcndencc 

occurs if the lowest cl'ystal ficld state consists lnainly of 15/2，土3/2) due to its approxト

mately trigonal symrnetry and the conduction electrons near thc }鈩ni lcvel are dcscribcd 

by the plane waves , as discussed in 83.2.1 and 83.2.2 

Since there is no band calculation of LaNiSn a治ailable to da何， i t is difficul t to assess 

whether the latter condition is ful日lled in CeNiSn. However , it lnay be not unrcalisLic to 

assume that the state of conduction electrons hybridizing with the f-electron localizcd 

at Ce3十 ion can be approxin凶ed by the plane waves with the wave vcctor Ik -1 GI く

several x (2π/α) ， G bei時 sOlne reciprocallaLLice vector and αbeing the lattice consLant 

This is because the only way fo1' the J-electron to lnix with clectrons on different siLcs is 

through the lnixing with the planc wave states outside the rnuffin-tin sphercs so long a.s 

the conventional LAPW calculation is perfonned. 

Band calculations of CeNiSn shows that the bands around the Fenni level have lnainly 

Ce 4J charactel' with nlﾌxture of Ni 3d cOlnponent. [50 , 88] So , in the tight-binding picture , 

the hybridization is expected to arise through the overlap of Ce 4f wavefunction and Lails 

of Ni 3d wavefunction. It is seen by a simple calculation of the tight-binding lnodel 

that the hybridization between J-electron in the state 15/2，土3/2) and d-electrons on the 

surroundi時 ions with trigonal sylnlnetry vanishes on the kz axis , i.e. , V (0 ,0, kz) = 0 

1n order to obtain rnore solid picture of the ~~-dependence of the hybridization , we 

need lnore information of the band structure of LaNiSn. It is also interesLing to discuss 

a di百erence between CeNiSn and the so-called "Kondo insulatol ぺ such as C匂 Bi4PL:d80]

and YbB 12 [90], with non-vanishing gap in any directions of the Brillouin zone. rroll1 Lhc 
pl'esent point of view , its difference is attl'ibuted to that of the k-dependence ref1ecLing Lhc 

sylnmetry of the lowcst crystal-白eld level. We leave such discussions [01' [ULUI・e sLudics 



Chapter 4 

Concl usions 

We have investigated the infiuence of the CEF e圧écts on the low-energy quぉi-pal' ticlc

excitations. 

First , in the chapter 2 we have discussed what infiuence the CEF e百écts have on Lhe 

properties of quasi-particle excitations in the lnulti-band periodic Anderson lnodel wiLh 

the use of the mean field theory in the slave boson technique. The results are sUlnlnarizcd 

a.s follows. 

(1) In the ca.se of 0 く nJ く 1

• The quasi-particle bands are not almost renormalized and stays near the 

bare bands. 

• The CEF splitting of f1 lnultiplets remains unchanged 

(2) In the case of n J rv 1 

• Only the quasi-particle bands conespondimg to the ground CEF state arc 

highly renonnalized leading to heavy fermions. 

• The CEF splitting of 11 multiplets are enlarged by a few tﾌlnes. 
• The main part of the spin susceptibility is described by the quasi-particle 

part. 

(3)In the case of n J rv 2: 

• The two quasi-particle bands constructing the ground f2 multiplet are highly 

renormalized. 

• The CEF splitting of fl lnultiplets are reduced drastically 
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• For Lhe spin susceptibility both the quasi-particle part and Lhe incoherent 

pal' t , i.e. , the Van Vleck part , p1ay an ﾌlnportant ro1e. 

• 1n particular, when the ground state is a singlet , the lllost part of the spin 

susceptibility is given by the incoherent part 
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Concerning the last statelnent in (3) , we can predict the existence of a new class 

of the Fernli liquid state, in which both the charge fiuctuation and the spin fluctuation 

are suppressed in spite of the highly renonnalization of Lhe dcnsity of sLates of the qua.siｭ

particle bands. If such quぉi-particle state is realized in UPt3 around Lhe supercollducLing 

transi tion , the anornalously Slnall decrement of the Knight shift below the transiLion lIlay 

be well explained. 

Secondly, in the chapter 3 we have considered k-dependence of the hybridization maｭ

trix elelYlents in the ca.se of n f rv 1. As an exalnple in which such k-dependence , i.e. , Llte 

anisotropy, is observed in SOlne physical properties , we have picked up the topic of the 

anisotropic "Kondo insulator" , such ωCeNiSn and CeRhSb. Here , on the ba.sis of the idea 

of "adiabaLic continuity" , a theory of the anisotropic semiconductor of heavy fenlliolls has 

been developed to explain the anornalous propert:ies of CeNiSn and its isostrucLural COll ト

pounds. Wide range of anOlnalous properties of CeNiSn can be understood by a lnodel of 

the anisotropic hybridization gap which vanishes along theα-axis. Such anisotropy of the 

hybridization gap can be easily delllonstrated by considering k-dependence of hybridizaｭ

tion lnatrix elements refiecting the sylnllletry of the ground CEF state in f sites. The 

desirable k-dependence occurs if the ground CEF state consists lnainly of 15/2，土3/2) due 

to its approxﾎlnate tl'igonal sylnlnetry and the conduction electrons near the Fenni levcl 

are described by the plane waves 

Fl'om the pl'esent point of view , we can explain the gap fonnation in the nonnal “lくondo

insulatorぺ such a.s YbB 12 , 5mB6 and Ce3Bi4Pt3 , by the difference of k-dependence of the 

hybridizaLion 1natrix elelnents refiecting the symmetry of the ground CEF state. Herc , we 

have pointed out the ilnportance of k-dependence refiecting the sylnlnetry of the ground 

CEF state. 1n the heavy fennion system this reseal'ch shed light on the illlportance of thc 

k-dependence of the hybridization 
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