
博士論文

Magnetic Rare-Earth Ion Doping Effect 

on Phase IV of CexLal-xB6 

(CexLal-xB6のIV相への希土類磁性イオン添加効果)

) 

近藤晃弘

広島大学大学院先端物質科学研究科

2009年9月

tosho-seibi-repo
長方形



論文の要旨

氏名近藤晃弘

論文Jd1 I I Magnetic RarかEarthIon Doping Effect on Phase IV of CexLal-xB6 

CCexLal-xB6のIV相への希土類磁性イオン添加効果)

1 背景と目的

近年、 Ceなどの希土類イオンやUなどのアクチノイドイオンを含むf電子化合物に
おいて、軌道の自由度(多極子モーメント)が物性に大きな影響を及ぼすことが明らかと

なった。この多極子モーメントが規則的に配列した秩序(多極子秩序)は、通常の磁性体

では見られない異常な振る舞いを示すため、現在盛んに研究が行われている。

ここ 10年ほどの聞に多極子秩序を示す物質は数多く発見されているが、その中でもわ

が国を中心に古くから研究されてきた有名な物質として CeB6がある。特に 11相は様々

な異常を示すことから詳細な研究が行われ、高次の項である Txyz型の八極子モーメント

がその異常に大きく関わっていることが明らかとなった。さらに、 CeB6の低温・低磁場

での様々な異常は磁気双極子、四極子、八極子の3つの自由度の共存・競合を起源とする

ことがわかった。

CeB6のCeをLaで置換した CeO.7SL句.2SB6・において、 IV相と呼ばれる新たな相が

1996年に発見された。現在、 IV相は 0.3:5 x :5 0.8において存在することがわかってい

る。 IV相では弾性定数C44が大きなソフト化を示す、 I-IV相転移温度 CTIV-I)で磁化

率がピークを示す、磁気抵抗が非常に小さいなど特徴的な振る舞いが見られる。 IV相に

ついては中性子散乱、 NMR、μSRなどのミクロな測定が盛んに行われたが、磁気秩序相

であるという証拠は得られなかった。倉本らは IV相が勾(rsu)型の反強八極子 (AFO)
秩序であるとするモデルを提案し、 IV相の特徴の多くを説明することに成功した。一方、

最近行われた共鳴X線散乱および中性子散乱の実験から、 IV相は Q=(1/21/2 1/2)の

長周期構造を持った長距離秩序であることが明らかになり、詳細な解析が解析が行われ、

IV相がTs-AFO秩序であることを支持する結果が得られた。以後、 Ts-AFO秩序がIV

相秩序変数の有力な候補となっている。しかしながら、 Ts-AFO秩序では CexLal-xB6

に元来存在する複数の多極子相E作用を考慮していないなどいくつかの間題点が存在す

る。そこで、本研究ではIV相秩序変数に関する情報を得ることを目的として、 IV相に希

土類磁性(R)イオン (R=Nd、Pr)を添加した試料 CCexRyLal-x-yB6(x = 0.7，0.65， 
0.6，0ム0.4))を作製し、 Rイオン添加の影響を詳しく調べた。また、勾-AFO秩序に

より CexLal-xB6の全体像が説明可能かどうかを調べるため、 Ts-AFO秩序に複数の多

極子相互作用を取り入れた2部分格子模型による分子場計算を行った。



2 結果と考察

2.1 複数の異なるタイプの多極子相E作用を取り入れた分子場計算

Ts-AFO秩序に Oxy-AFQ、Txyz-AFO相互作用を加えていくと、計算から得られた磁

気相図は反強磁性相の有無を除けば x= 0.75およびx= 0.7の磁気相図をおおよそ再
現する。しかしながら、磁化の温度依存性は Oxy-AFQ、Txyz-AFO相互作用を加えてい

くことにより Tβ 相への転移温度で見られた IV相を特徴づける磁化のカスプが消失し、

Tβ 相への転移後も温度降下に伴い増大することがわかった。この磁化の増大は勾-AFO

秩序によって誘起された Oxy型の強四極子 (FQ)秩序が O勾・AFQ相互作用により容

易に抑制されたためと考えられる。このように、 IV相を Ts-AFO秩序としたときには、

CexLal-xB6の全体像を説明できないことを明らかとした。

2.2 IV相へのRイオン添加効果

x 2: 0.6では Rイオン添加により IV相は急速に抑制され、 III相が安定化することがわ

かった。これはRイオン添加による III相の安定化は Rイオンが反強磁性相の形成に寄

与していることを示唆している。また、 TIV-IはRイオン添加によりほとんど変化せず、

TNへ連続的にシフトしていくことが明らかとなった。これは IV相と III相の秩序変数

の聞には何らかの関係があることを示唆する結果である。一方、 x::; 0.5ではx2: 0.6の

結果とは大きく異なり、 TIV-IがRイオン添加によって急激に上昇することがわかった。

この結果は x::; 0.5では Rイオン添加によって IV相が安定化していること、さらに IV

相の性質が X f'V 0.6老境に変化している可能性老示唆している。 X f'V 0.6ではIV相と III

相のエネルギー差が小さいため、 Rイオン添加によってIV相が急速に抑制し III相が安

定化したと考えられる。 Ce濃度が薄まると IV相と III相のエネルギー差が大きくなって

いくことから、 x::; 0.5ではIV相へのRイオン添加の本質、つまり Rイオン添加による

TIV-Iの増大が明瞭に観測されたと考ることができる。 Nd、Pr添加が共に TIV-Iを増大

させることから、 TIV-I増大の起源はRイオンの持つ磁気双極子モーメントである可能性

が高い。もしx::; 0.5においても IV相がTs-AFO秩序であるとするならば、この場合基

底状態は非磁性の一重項であるため、 Rイオンの持つ磁気双極子モーメントはr5u型の
八極子モーメントとは結合できず、 TIV-Iは増大しないはずである。このようにx::; 0.5 

では添加されたRイオンの磁気双極子モーメントがIV相を安定化することを見出し、 IV

相をTs-AFO秩序とする従来のモデルでは、その説明が困難であることを指摘した。

3 まとめ

複数の多極子相互作用を取り入れた分子場計算、およびIV相へのRイオン添加効果の結

果から、少なくとも x::; 0.5では IV相がTs-AFO秩序ではない可能性があることが明ら

かとした。本研究ではIV相秩序変数を決定するまで、には至らなかったが、 IV相を理解す

る上で、大きな進展があったと考える。今後、 x::; 0.5における Rイオン添加による TIv-I

増大の起源を明らかにするため、中性子散乱や共鳴X線実験などのミクロな測定を行う

必要がある。
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Abstract 

Recently， the importance ofthe orbital degrees offreedom (the multipole moment) has been c1arified in白e
f-electron systems. In particular， the multipole ordering that the multipole moment orders spontaneously have 

been intensively studied because ofthe appearance ofthe unusual behaviors which have not known. 

Recently， many compounds showing the multipolar ordering have been discovered. CeB6 is one ofthe most 

famous compound which has been studied since 40 years ago. CeB6 is the first example in which the octupole 

interaction is verified to play an essential role in the unusual antiferro叩ladrupole(AFQ) ordered phase. CeB6 

shows the AFQ order at TQ=3.3 K， the antiferro (AF) magnetic order at TN = 2.3 K. These two phases are 
called as phases II and III， respectively. The paramagnetic phase is called as phase 1. The unusual behaviors 
ofthis compound originate from the coexistence and competition ofthe different kinds ofthe interactions， i.e.， 
O:ry-type AFQ， T:ryz-AF octupolar (AFO)， and AF magnetic interactions. Recently， a possibility of the pure 

octupolar ordering was pointed out in Np02・Thephysics of the octupolar ordering is the exciting theme in 

thef-electron systems. 

In the course ofthe study ofCe:rLal-:rB6， a new phase called as phase IV was discovered. Phase IV exhibits 

the following unusual features. The magnetic susceptibi1ity exhibits a peak at白eIV・1transition temperature， 
TIV -1. The elastic constant of白eC44 mode exhibits a large softening in phase IV百lemagnetoresistance in 

phase IV is very small. Although the intensive studies by the neutron di倍'action，NMR and μ8R are performed， 
the evidence of the magnetic ordering could not be obtained. However， the recent resonant X-ray diffraction 
indicated白紙 thelong-range order(LRO) with Q = (1/2 1/2 1/2) is realized in phase IV. 800n after their 
discov釘yof the LRO in phase IV， Kusunose and Kuramoto were able to explain their results by assuming the 

fsu-type AFO order. Thus， the fsu-type AFO ordering is said to be a strong candidate forthe LRO in phase IY. 

Although the fsu-type AFO ordering is the most plausible candidate for白eLRO in phase IV， there exist the 

difficulties which remain to be explained by the f su-type AFO ordering. Thus， the order parameter of phase IV 

is sti11 con甘oversialand further studies are necessary to clari命itsnature. 

In order to obtain the information on the order parameter of phase IV， we have studied Ce:r九Lal-:r-yB6

(x = 0.7，0.65，0ム0.5and 
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1 

Chapter 1 

Introduction 

1.1 Multipole ordering 

1.1.1 4f-electron in the cubic crystalline electric field 

In the 4f-electron systems， in general， the electronic state is described by the total angler momentum， J=L+S 
because the spin-orbit interaction is much larger than白eeffect of the crystalline electric field. 

Here， we consider the case ofCe3+ (4j1， L = 3， S = 1/2) ion. In the case of L = 3 and S = 1/2， J is 5/2 or 
7/2. For Ce3+ ion， J = 5/2 (sixfold degenerate) is known to be the ground J multiplet with a J = 7/2 excited 
瑚 tewl山his situated，...， 2700 K above the J = 5/2 mUltiplet. The sixfold degenerate J = 5/2 multiplet is split 
due to the cubic crystalline el即位icalfield (CEF) effect. The CEF Hamiltonian in the cubic symme位y，llCEF is 
given by 

冗CEF= B4(0~ + 50!) + B6(Og -210~ )， 、.JI -
-r・、

where B4 and B6 are are factors which determine the scale of the CEF splittings and Oj are the Stevens' 

operatoぉ.02，0:， og and 0: are expressed by using Jz， J+叩 dJーおfollows.
a ー 35J; -[30J(J + 1) -25]と一[6J(J+ 1)ー3J2(J+ 1)2] 4 ー

oj= 1 E(Ji+Jf) 
og = 231J~ -105[3J(J + 1)一司J;+ [105J2(J + 1)2 -525J(J + 1) + 294]と (1.勾

一[5J3(J+ 1)3 -40J2(J + 1)2 + 60J(J + 1)] 

。;=
1._ _ _~ 1 i[l1J; -{J(J + 1) + 38}](J.t. + J~) + i(J.t. + J~)[l1J; -{J(J + 1) + 38}]・

In the case of J = 5/2，冗CEFare given by using IJ， m) as白巴basisfunctions出 follows.

I+!) I+~) I+~) I-!) I-l) I-~) 
(+~I 60B4 。 。。60V5B4 。
(+~ 。 -180B4 。。 。 60"，信B4

EF =一 ((+-jj|| 
O 。120B4 。 O O 

O 。 。120B4 。 。
(-~I 60V5B4 O O 。-180B4 O 
(-~I O 60V5B4 。。 O 60B4 

The J = 5/2 ground multiplet splits into the r7 doublet and日quartetin the cubic CEF. The eigen values 
and eigenfunctions are obtained by diagonalizing the above Hamiltonian. We define the wave functions for r 8 
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戸712(8) 

CeB6 
-2700K 

r， (2) 

「
CeB6 

J=512(6) 
I ~-540K 

L-S Coupling 
rs(4) 
冨国=

CEF 

y，o 

Fig. 1.1 Energy level scheme for the Ce3+ ion in the ωbic crystalline electric fi eld and the charge clouds of the rs and r7 wave 
functions. In the case of CeB6. the splitting of白eJ=512 multiplet by CEF ~~540 K. The splitting between J=512 and 
J=712 due to the L-S couplings is ~2700 K as d白criedlatt釘.

quartet (α，s，γ， o) and r7 doublet (κ，入)as follows. 

rs q田rtet

|α} =-J耳石¥5/2}+-J刃6¥-3/2}
¥s} =-J町古ト5/2}+..;刀百¥3/2}
b} = ¥1/2} 

¥o} = ¥ー1/2}

7 doubl出leμe
l ¥怜川λ刈}= -J5i声而E引|ト一→5/2β2}ト一Jη否引¥3町/2勾) 

(1.3) 

(1.4) 

Here， we assume that the CEF ground state is the rs quartet. In CeB6，白eCEF ground state is known to be the 

rs quartet and the excited r7 doublet is si旬atedabove ̂' 540 K as will be described later [1]. Figure 1.1 shows 

the energy level scheme for the Ce3+ ion in出eCEF and the charge clouds of the r s and r 7 wave functions. 

In general， within the n-th degenerate s匂.te，the number of independent operators is n 2 -1. Thus， the r s 
qu訂tethas 15 independent operators. When we regard位lemultipole moments as the independent operators， the 
multipole moments in血er 8 quartet system訂ethree dipoles， five quadrupoles and seven octupole moments [2]. 

1.1.2 Electrical quadrupole moment 

The orbital motion ofthe 4J-elec仕onis not合eein the crystal. Then， the charge dis回butionof the 4 J -electron 
is expected to be anisotropic so as to reduce the Coulomb r叩ulsion合'Omthe su汀oundedions. The anisotropic 

charge distributions is expressed by仕lequadrupole moment [3]. 

First， we assume白atthere exists a localized 4J electron at the origin. We define the charge dis位ibution
of this 4 J elec位onand白eelectrostatic potential at point as p(r') and ψ(丹.Then，ψ(ηcan be expressed as 
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follows. 

r p(f") 
ψ(丹=I一一一J jr-f'1 

∞~ r ，_. r'l 4π =522j p(F)訪日は(()，O)恥(()'， Ø')d~ 
=~ン(t) ， (l.5) 

where 

ψ(1) =先生tJZQ忠弘州
Q~= fρ州 (l.6) 

and Yim(()， O) is surface harrnonics. Q~ corresponds to the 21_白出ctricalmultipole moment. Q~ has the 
21 + 1 independent components. Thus， the quadrupole moment in the case of 1 = 2 has five independent 
components. 

On the other hand， Q~ is the basis ofthe irreducible representation in rotation group. Considering Q~ in 
the CEF， it is necess訂Yto transforrn the representation in rotation group into the other representation which 
has the same s戸nmetryas白eαystallinefield. Here， we assume白a幻tthe symmetry around a rare-earth ion is 
r即e叩p郎 er叩n削 b句ycωu由耐，bicひ.叩nme悶et句ryg伊r01叩u叩lpO仇h• 'ITI m ， Q 3 i s 釘ansforrnedinto five indepe 耐 nt components which 
has the same conversion property as白eirreducible representation in 0 h group. As a result， the quadrupole 
moment is represented as follows. 

(Qu = Qd2) 
f3 -symm町 iQv = 方(Q~2) +Q~J) 

Qe = 方附 +Q~~)

い ymmetry仙 =一方(Qi
2)
- Q~~) 

Q( = 会(Q~2)+ Q~J) 

Next， we find the expectation value ofthe quadrupole moments on f-el即位onwave functions expressed by 

IJ， m). In this case，血equadrupole moments can be represented by J"" ~宮 andJz by using the Stevens equiva・

lent operator method. Finally， the quadrupole moments is given as 

(l.7) 

(l.8) 
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(1.10) 

Figure l.2 shows白eschematic pictures of components of quadrupole moments [27]. 



4 Chapter 1 Introduction 

(a)08 。)O~

(d) Oy% 

，h

，. 

〆ノ、、

x"/ ¥y 

(c) O"，y 

(e)Oz:r: 

Fig.l.2 Schematic pictures ofcomponents ofquadrupole moments. 

Quadrupofar interaction [4，5] 

The quadrupolar ordering is a phenomenon that白equa合upolemoment orders spontaneously. The quadrupolar 

ordering takes place by the quadrupolar interaction if there exists白巴 degeneracyof the orbital .degrees of 

合'eedomin the ground state of the CEF such as rs quartet. The quadrupolar interaction， 1I.Q is written as 
foIIows. 

'，) 

向 =-K3 ~:::rOg(i)Og (j) + 30~(i)30~ (j)] 

-Ks ~:::rO"，y(i)O吋(j)+ Oyz (i)Oyz (j) + Oz:z:(i)Oz:z:(j)]， 、‘，
J

T
A
 

t
A
 

• l
 

's

・、

where K3 and Ks are the magnitudes ofthe quadrupole interactions. 

When Kr > 0， the ferro叫uadrupolar(FQ)ordering takes place and when Krく0，the antiferro・quadrupolar
(AFQ) ordering takes place. Figure 1.3 shows the schematic picture ofthe O"，y-type FQ and AFQ ordering. 

When the ground state ofthe cubic CEF is the r s quartet， the competition between the quadrupolar and magnetic 

interaction exists. Ifthe quadrupolar ordering takes place at higher temperョture，the magnetic ordering should 
take place at lower temperature in order to release two-fold degeneracy of the spin degrees of freedom. When 

血eFQ ordering takes place， the col1inear spin ordering may take place. When AFQ ordering takes place，白e

non-co11in回rspin ordering is expected to appear. On the other hand， if the magnetic moment orders at high 

temperaωre， the quadrupolar ordering is hard to take place because the orbital degrees of仕eedomdisappears 

due to the strong spin-orbit interaction. 

Characteristic of AF quadrupofar ordering 

We summarize the characteristic properties ofthe AFQ ordering in the case where the CEF ground state is the 

quartet [5]. 
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Lx し
FeI・roQuadrupolar Ordering Anti-ferro Quadrupolar Ordel'ing 

Fig. 1.3 Schematic pictures of血eO"'lI-type FQ and AFQ ordering. 

(1 )百lespecific heat at TQ shows a large and sharp peak. 

This is because the quartet in paramagnetic region splits into two doublets below TQ and then the en甘opy

of R In 4 is released at T Q. 
(2) Since the ground state below TQ is doublet， the two-fold degeneracies of the spin degrees of合eedom
remains below TQ・Therefore，the microscopic measurements such as neutron scattering or NMR ex-
periment cannot observe the AFQ ordering at H =0. However， the direct observation of this ordering by 
the microscopic measurements is possible by applying magnetic fields because ofthe appear組問offield

induced AF magnetic components. 

(3) The ground state of the AFQ ordered phase has the spin degrees of freedom. Then， with decreasing 

temperaωre，白eAF magnetic ordering should takes place at TN which is lower白anTQ・Theen甘opyof

R ln 2 is released below TN・1nthis case， the AF struc加reis complicated due to出eeffect of the AFQ 
ordering because the quadrupole moment has the anisotropic charge cloud and this anisotropy determines 

the direction of the spin alignment through the spin-orbit coupling. 1n general， the non-collinear spin 
ordering is expected to appear because the quadrupole moment is orthogonal to each other. 

(4) The elastic constant below T Q shows the same behavior as the parallel and perpendicular magnetic sus-

ceptibilities in the AF magnetic state below TN・

Here， We consider the mechanism of (2) taking the Og-type AFQ ordering as an example. 
Using the wave function in (1.3)，白eexpec飽tionvalue of Jz is as follows. 

11 . _. _ . _. 11 
(αIJzlα)=ー ，(slJzIs)=一一，(γIJzlγ)=ゎ (8IJzI8)=ーー6 ~ ¥' 1-"". 11 2 

Figure 1.4 shows the magnetic field dependence ofthe energy levels for the og勾peAFQ ordering case. There 

exists two-fold degeneracy in the ground state of白eAFQ ordered state at H=O. With increasing magnetic 

field， two-fold degeneracy of the spin degrees of合'eedomshows the Zeeman splittings， and the saturated mag-
netization of A and B sublattice become 1116， 112， respectively. Then， the whole magnetization ofthis system 

is 1μB/Ce (=gJ1I2 (11/6+112) =617x1l2 (1116+112)=1 ). On the otherhand， in the finite magnetic field， the 
di臨時nceof the magnetization between two sublattice is 417μB/Ce (=gJ 112 (1116・112)=617x 112 (1116・112)

• =417). This means that A and B sublattice have the staggered magnetization， MAF斗17μB/.百us，there exists 
MAF in the finite magnetic field but not exist in the zero magnetic field. MAF and the uniform magnetization， 
Mu show the field depende 

5 
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Fig・1.4 Magnetic白elddependence ofthe energy levels for the dd-type AFQ ordering case [5]. 

:ωHI~ i¥fJ 47i 

Fig. 1.5 (a) og and (b) 0刊 AFQmoment in magnetic fi eld along the z dir官ction[5]. In (a)， MAF is induced by the magnetic fi eld 
paraIleI to the magnetic fi eld but in (b) it is perpendicularω白efi eld. 

O~ AFQ ordered state， MAF is parallel to the magnetic field direction. In白ecase of the O"，y AFQ ordered 
sぬ.te，MAF is also perpendicular to the magnetic field as shown in Fig.1.5. This is because the orbital moment 
is easy to be induced along the direction perpendicular to the plane of the orbital motion. 

One ofthe most famous compound showing the AFQ ordering is CeB6.百leAFQorder官dphase in CeB6 will 

be described in the next section. In addition， recently， many compounds showing the AFQ ordering (TmTe [6]， 
DyB2C2 [7]， PrPb3 [8] and PrOs4Sb12 [9] etc.) have been discovered and studied extensively. 

1.1.3 Magnetic octupole moment 

Magnetic multipole moments is defined by the multipole expansion of vector potential as well as electrical 

multipole moments defined by血emultipole expansion of electrostatic potential [10， 11]. 
Electromagnetics says白atthe existence of magnetic monopoles has never confirmed.百lUS，the magnetic 
dipole moments is血elowest order moment in the magnetic multipole expansion.百lelocalized 41 electrons has 
no magnetic quadrupole moments because the space inversion symme位yofthese moments is not broken. Thus， 

the magnetic oc知polemoments corresponds to the second order moment in血emagnetic multipole expansion. 

When the 41 electron is widely distributed in the CEF， the situation where the upward or downward spins 
partly exists in the 41 electron is considered.百lIsmagnetic moment dis位ibutionis expressed by the octupole 
moment. Although the ocωpole moments has localized magnetic moments， the sum ofthese magnetic moments 

is zero. The octupole moments is rank-3 tensors and has seven independent ∞mponents. In the case ofwhere 
白e41 ion exists in cubic-symmetry group Oh， the octupole moments is represented by equivalent operator in 



1.1 Multipole ordering 

x 

TXl'Z (r2) 

'PLz ([4) TPz ([:5) 

Fig.l.6 Schematic pictures of components of octupole moments. As for r 4 and r5 type oc旬IPolemoments. the z components of 
octupole moments is only shown. The s取Iin血isfi gure shows the polarization of localized magnetic moment. 

Table 1.1. Figure 1.6 shows the schematic pic組問sof components of octupole moments. 

Recent studies of the multipole moment have been shown that there exists白eRKK.Y interaction between the 

quadrupole moments. It has been considered that白eoctupole moments has the RKK.Y type interaction as well 

as白equadrupole moments. In geneml， the multipole moments ofhigher order suchぉ theoctupole moments is 

weak in classical physics. However， in the case ofthe RKK.Y interaction originating from the mixing between 
41 and conduction electrons， it has a possibility白紙社leall kinds of multipole interaction is equally the same 
strengthln CeB6， the octupole moments plays an important role， as described latter. 
Since the octupole moments has no net magnetic moment， it is difficult to observe them by using the general 
method to observe the magnetic moments. In addition， the extemal field to respond the octupole moment has 

never confinned， so也atthe direct observation of the octupole moments is quite difficult. 

On the other hand， Murakami et al. developed resonant x-ray scattering (RXS) in 1995 [12]. RXS makes the 
direct observation of orbital ordering possible. Recently， it tums out白atRXS is very useful for the observation 

Irreducible r，叩resen匂tion

r2 
r4 

rs 

Octupoleop釘ator

ル=千五万Jz
Tr=j(2J3ーみJ;-J;J:r) 
TJ=j(2J;一石33-J2Ju)
Tf=き(2与一J%J;-J;J%) 
Tf=乎(工37一方工)
Tf=ヂ(研一耳石)
Tf=4E(工37一方工)

Table.l.l 百leoctupole moments listed as白eirreducible repl官sentationin Oh group. 
Here. J"，JyJ. = J"，JyJ. + JyJ.J"， + J.J"，Jy [2] 
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ofthe multipole moments ofhigher order such as白eoctupole moments. In白ct，the RXS measurements show 
that r5-type oc旬poleordering is realized in Np02 [13]. 
Presently， the possibility of oc旬poleordering has b~en discussed in URU2Si2 [14]， SmRu4P12 [15] and 

Ce"，Lal_"，B6・
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1.2 CeB6 

1.2.1 Outline of CeB6 

CeB6 crystallizes into the cubic CaB6抑 uctureas shown in Fig.1.7. The cerium ions are siωated on a simple 

cubic lattice， while the boron atoms form an octahedron around the center ofthe叩 biccell. 

Fig. 1.7 Crystal s加ctureofCeB6. The cerium ions are sited on a simple cubic lattice， while the boron atoms form an octahedron 
around the center of the cubic cell. 

As previously mentioned， the CEF ground state ofCeB6 is the rs quartet and the r7 doublet lies about 540 

K from r s quartet ground state. Therefore， the low tempemture properties of this compound are dominated by 
the rs qua此et.

Figure 1.8 shows the magnetic phase diagram ofCeB6 [16-18]. CeB6 has three phases回 follows.

• phase 1 : paramagnetic phase 

• phase 11 : anti-fe町oqua合upole(AFQ) ordered phase 

• phase III : AFQ ordered state+anti-ferro (AF) magnetic state 

Phase 1 is the paramagnetic state. Phase 11 is白eanti-ferro quadrupole (AFQ) ordered state. Phase III is the anti-

ferro (AF) magnetic state dominated by the AFQ ordering in phase 11. The wave vector in phase 11 is Q=(1I2， 
112， 112) as shown in Fig.1.9 (b) [17]. Phase III consists ofthree equivalent domains defined as Kzy， Kyz 
and Kzz at zero magnetic field. The non-collinear 2・k-k'antiferro・magnetics住uc旬reis realized in a single 

domain state. Magnetic wave wave vector in phase III are k1 =(114， 114， 0)， k~ =(114， 114， 112)，ん=(114，・114，0)，
k~=( 1I4， -114， 112)ぉ isshown in Fig.1.9 (a) [17]. Magnetic moment in the K吋 domainis along伽抑0・fold
axis in the xy plane. ForぽrH引11山[111叫1可]，p凶ha蹴s鍔副eIII' w叫叫h悩1吋ichi包scham
叩 intermediater符eg副io叩nbetween phase III and 11 . . 

1.2.2 Historical background of CeB6 

Here， we briefly survey the history of CeB6 to clarify how CeB6 has at釘actedso many physicists. The history 
of CeB6 is divided into 3 stages. 

The first stage: Studies using polycrystals (1967-1976) 

Paderno et a1.自rstreported the magnetic susceptibility of the polycrystal of CeB6 in 1967. Gaballe et al. 

measured the magnetization of CeB6 and found白atthe magnitude of白emagnetization for T =1.3K and 

H =50kOe was 0.56μB/Ce in 1968 [19]. Nickerson and White analyzed the magnetic susceptibility ofCeB6 

9 
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Fig. 1.9 Magnetic structures of phase III and 11 [17]. 

却
(a) Magnetic structure of phase III (kl 
[1/4，1/4，1/2]， k2 = [1/4， -1/4， 112]， k~ = 

OL...&込~・ 8 誼 2 ・ 10
[1/4， 1/4 ， 町 ， k~ [1/4， -1/4， 0]). (b) AFQ 

024  6 a 10 S岡山reofphase 11 (ko = [1/2，1/2，1/2]). 

T・mperat."".lICJ
Fig.l.8 Magnetic phase diagram ofCeB6 [16]. 

and proposed白atせler7 doublet is the ground state and the r8 quartet is si旬atedabove "，75K in 1969 [20]. 

百leseexperiments and analysis strongly suggested白atthe CEF ground state of CeB6 was the r7 doublet 

because the saturation magnetization for the r 7 state is estimated as 0.71μB/Ce合omgJ%=617 x 5/6μB/Ce. 

Figure 1.10 shows the temperaωre dependence of白einverse magnetic susceptibiIity， X-1 reported by 
Paderno et al..百ledashed and solid lines show the fitting curves obtained合omthe model proposed by NiCk-

erson and White [20]. The closed circles are the experimental data of the magnetic susceptibility of CeB6 [19]. 

The paramagnetic Curie temperature， ()p estimated合omχ-1ofCeB6 in the high temperaωre region was "，60 
K. Furthermore，χ-1 of CeB6 decrease largely with decreasing temperature and simple Curie Weiss law was not 
observed. These behavior百wereascribed to白eCEF energy level scheme that the ground state is r 7 doublet and 

the excited state is r 8 q凶 rtetand the splitting between the r 7 doublet and r 8 quartet，ムis"，70 K. Nickerson 
and White performed the自白ingofχ一1assuming the r7 ground state. They noted the anisotropic wave function 
ofthe r7 doublet and r8 quartet in Fig.1.11 and assumed that the effective intersite exchange interaction for 

r7・r7 is different from that for r 8-r 8. N amely， they assumed that the indirect exchange interaction between r 8 
excited state is larger than that between r7 ground state. As a result， they obtained the best fitting curve which 
corresponds to the solid line in Fig.1.10 and.d. "，75 K. 

In 1972， Lee and Bell reported白etempera加redependence ofthe specific heat at T"，25 K and H=O [21]. 

Figure 1.12 shows the tempera旬redependence of the specific heat of CeB6・Theyfound two peaks in the 

temperature dependence ofthe specific heat. Very large and sharp peak was observed at T "，2.31 K， and the 
other small peak at T "，3.3 K.百leyconsidered that the small tiny peak at 3.3 K originated合omthe impurity 

phase. 

The second stage : Studies using single crystals (1978"，1987) 

Ten years after白estudy of the poly cry蜘 ls，the single cry由 lsof CeB6 was made in Japan and Germany 
independently. Particularly， the single crystals made in Tohoku University was large with a high quality. Thus， 

CeB6 had been intensively studied by Kasuya's group in Tohoku University. 

In 1980， Takase et α1. measured the electrical resistivity， p ofCeB6 [16]. Figure 1.13 shows the tempera旬re
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(T) dependence of p of CeB6・pof CeB6 at zero magnetic field shows the log T dependence even without 

subtracting the con出bution合omthe electron-phonon scattering toρ. This log T dependence of p was ascribed 

to the Kondo effect. Now， CeB6 is known as白etypical dense Kondo compound. 
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Fig. 1.15 Temperature dependence of出eentropies of CeB6 
at zero fi eld [22]. the solid line correspondsω出e
magnetic entropy of CeB6 at zero fi eld 

Fig.l.14 Temperatur曹dependenceof血ethe specifi c heat of 
CeB6 for H 11 [111] [22]. 

At zero magnetic field， two kinks are observed in Fig.1.13. The kink at 3.3 K corresponds to the phase 

位ansition1-11， TQ・Theother one at 2.3 K corresponds to the phase transition II-III， TN and ρshows a drastic 
decrease below 2.3 K. The anomaly at TQ becomes sharp with increasing magnetic field， while TN disappears 

above 10 kOe. 

In the same year， Fujita et al. measured the specific heat under the magnetic field [22]. Figure 1.14 shows 

the T dependence ofthe the specific heat， C 'OfCeB6 f'Or H 11 [111]. They observed tw'O peaks as was rep'Orted 
by Lee and Bell. H'Owever， they f'Ound白ata small peak at "，3.3K gr'Ows and shifts t'O the higher tempemture 
with increasing magnetic field. Thus， the small peak at T "，3.3K was f'Ound t'O be in甘insicin CeB6・Figure
1.15 shows the T dependence 'Ofthe entr'Opy， S at zer'O magnetic field. The magnetic en甘opy，Smag 'OfCeB6 at 
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Fig.l.16 Magnetic fi eld dependence of tlH for S3+) and 
8(3ー)site for H 11 [00 1] [26]. 

Fig.l.17 Proposed spin structure of the AF magnetic mo・
ment in phase 11 for H 11 [001]， H 11 [1 JO] and H 
11 [111]. For H 11 [110]，血esolid dots show no AF 
magnetic moment on these site~ [26]. 

zero magnetic field was obtained合omthe magnetic specific heat by subtracting the specific heat of LaB6企om

that of CeB6. Here， the phonon con住ibutionof CeB6 was assumed to be the same as白紙ofLaB6・Smagof 

CeB6 was R ln 2 at TN = 2.3 K. Here， R denotes白egas constant. This suggested白atthe ground state was the 
r7 doublet. Furthermore， Smag was "，0.88R at TQ and is l.39R(Rln4) at T '" 33 K. At high temperature of 
"，70 K， Smag reaches to Rln 6， which was expected from 2 FS/2 multiplet. The results were explained by the 
r7 doubletwith血er7 excited state which is siωated '" 70 K above the r 7 ground state. 

The magnetization， M was also investigated [23，24]. The magnitude of M at H~II-II was '" 0.7μB/Ce at 
T = 1.4 K. 0.7μB/Ce is close to 0.71μB/Ce expected for the r7 ground state. 1.54μB/Ce is expected for the 
r 8 ground state.百眺めer7 ground state and ß~ "，70 K became believed to be the correct CEF energy level 
scheme. 

In 1983， an important pioneering work on CeB6 was done by Ohkawa [28]. He proposed也atthe r 8 quartet 
is the ground state and phase 11 is the orbital ordered state， although the ground state of the CEF was believed 

to be the r7 doublet at血attime. Furthermore， he could explain the unusual TQ with increasing magnetic field 
by considering the higher coupling between orbital and spin. 

In 1984， the inelastic neutron scattering measurement was performed by Zirngiebl et α1. [1]. They found that 
the r 8 quartet is the ground state and sa '" 540 K. After the COI伽 nationofthe CEF level scheme， the earlier 
experimental results were reconsidered. 

In 1983， the appearance ofthe magnetic field induced AF components (MAF) was discovered in phase 11 by 
the NMR experiment performed by Takigawa et al. [26] and the neu甘onscattering measurement performed by 

Rossat-Mignod et α1.. However， the AF magnetic structures proposed by Takigawa and Rossat・Mignodwere 
di釘erent.

In 1984， Rossat-Mignod proposed白紙白eO町・AFQordering with Q=[1I2， 112， 112] is realized in phase 11. 

(a) 百lee出yaxis ofphase III was found to be two-fold肌 is.The phase transition from phase 11 to III is of 

second order. These can be explained by assuming the Ozy-AFQ ordering in phase 11 [17]. 

(b) For HII [111]， phase III' which is ch紅acterizedby a single-k-k' ordering vector appears in an interme-
diate region between phase III and 11 [17]. However， for the other magnetic field directions， phase III' 
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does not appear. 

(c) When magnetic field is applied along the [110] direction， MAF with Q = [112，112，112] is induced along 
the [001] direction. This fact strongly suggests that Oy%， O%Z or (Oy% + O%z)/..;2 type AFQ ordering is 
realized in phase 11 for HII [110] [25]. 

On the other hand， Takigawa et al. obtained the AF structure shown in Fig. 1.17 by analysing the NMR 
spec回 mand proposed the 3-Q (= [1/200)， [0 112 0]， [00 112]) s加伽reand denied the possibility of 
Q=[1I2， 112， 112] proposed by Rossat-Mignod [26]. For HII [110]， he found that the direction ofthe dipole自eld
合omCe3+ ion which surround B6 octahedra is reversal on B (3+)叩dB(3ー)sites. This result could be explained 

only by the Q=[O，O， 112] ordering but not by the Q=[1I2， 112， 112] ordering. 

The discrepancy of the exp lanations between NMR and neutron scattering results remained as a long mystery 

until Sakai et al. resolved it in 1997， although phase 11 was believed to be the AFQ ordered phase. 

The third stage: (1994"，) 

In 1997， Shiina et al. examined the orbital ordering ofCeB6 proposed by Ohkawa and c1assified出espin， orbital 
spin and the coupling them between spin and orbital spin proposed by Ohkawa by using the group theory [2]. 

The mechanism of the enhancement ofTQ by magnetic field proposed by Ohkawa is expressed as follows by 

using the representation ofthe multipole c1assified by Shiina et α1.. 

We consider the Ozy qua合upolar，T;吋%oc旬polぽ interactionand Zeeman term. When the order parameter 
in phase 11 is Ozy AFQ moment， the Hamiltonian is expressed as follows. 

勾=-EKQO吋 (i)Ozy(j)一乞Kocん%(i)Tzy% (j) 
i，j i，j 

-E9JμBJ%(i)H (1.12) 

Here， KQ and Koct denote the magnitude of白eO吋 AFQand Tzyz AFO interactions， respectively. Tzy% 
ocωpole moment is expressed as 

九百%-手(.Jん+仏z+机百)

For H 11 z， T;吋%is approximated as T;吋%'" J%O吋.Then， the Hami 

(1.13) 

勾信一乞(KQ+ (J%};yKoct)Ozy(i)Ozy(j)一乞9JμBJ%(i)H (1.l4) 

'.3 

= -E KeffOzy(i)Ozy(j)ー乞9JμBJz(i)H (1.l5) 

'.3 
KQ
ff = KQ + (み};yKoct (1.l6) 

He同 KQffis the magnih耐 ofthee能ctiveOzy AFQ interaction. We consider the c蹴 whereK5くoand 
KsくO.The spin state in phase 11 is paramagnetic. Therefore， Keff is a function ofthe magnetic field through 
白efield depenrlence of (Jz)， which increases with increasing the magnetic field u凶1(Jz) saturates at the high 
field.官lisindicates that the magnetic field stabilizes the Ozy AFQ ordering. Until (Jz) saturates， TQ continues 

to increase with increasing magnetic field. Once after (Jz) saturates at high fields， Keff becomes constant and 
白eclosing of phase 11 is expected at higher field. Thus， reentrant phase diagram is obtained. 

As for the reason why TQ increases with magnetic field， another two mechanisms were proposed. 

In 1984， Rossat・Mignodproposed that the following explanation for unusual increasing TQ [17]. At zero 
field， the quadrupole moment is reduced by the Kondo effect， which reduceTQ・Byapplying the magnetic field， 
the magnitude of the qua合upolemoment is restored as a result ofthe destruction ofthe Kondo e宵ect.Therefore， 
白eincrease ofTQ with magnetic field is expected. 



1.2 CeB6 

Fig.1.18 Arrangem叫 ofthe charge dis甘ibutionof 41 electron in an xy plane for H 11 [110]. 

In 1996， Kuramoto et al. proposed白atthe fluctuation of the multipole moment plays an important role in 
the increase ofTQ with increasing magnetic field [32]. At zero field， TQ is suppressed by the fluctuation ofthe 
quadrupole moment because of the existence of five components of the quadrupole moment. Wi出 increasing

magnetic field， TQ increases due to the suppression of出efluc印刷onofthe quadrupole moment by the magnetic 

field. 

In 1997， Sakai et al. solved the long-standing mystery in phase 11， namely， the inconsistency of the explana-

tions between the neu位onscattering and NMR by considering the T"，yz AFO moment in白eO町 AFQordering 

phase 11 [33]. 

We assume that the order parameter in phase 11 is 0吋 AFQmoment with Qo = [1/2， 1/2， 1/2). Figure 1.18 
shows the arrangement of the charge dis住ibutionof 4f electrons in an xy plane for H 11 [001). It is noted 

that the charge dis位ibutionof 4f electrons around B(3+) is different合omthat around B (3-). By applying the 

magnetic field for H 11 [001)，白eT"，yz octupole momer川sinduced. Figure 1.18 shows the schematic picture of 

the induced the T"，yz oc旬polemomentaround B(3+) and B(3-) site. The intemaI field on B(3+) and B(3ー)site 

from the magnetic moment generated by the T"，yz octupole moment at the Ce site is different. Thus， the 11 B 
NMR Iines spIits into two lines in phase 11 as shown in fig.1.16. Sakai et α1. could reproduce the compIicated 

angle dependence ofthe NMR spec釘umby considering the the T"，yz ocωpole moment， and explained血atthe 
neutron scattering observed the AF magnetic moment but NMR mainly observed the T"，yz anti-ferro octupole 

(AFO) moment. 

In 2000， Hanzawa claimed白atthe origin of the splitting of the NMR spec仕切nin phase 11 is the甘ansfered
hyperfine field (THF) on B sites合omthe surrounding Ce ions. This is cIearly seen in Fig.l.18. 

However， various unusuaI properties at Iow fields below TQ remained to be explained. In 1999， Sera and 
Kobayashi proposed that the origin ofthe unusuaI properties at Iow fields below TQ is the competition between 

白eAF exchange and T"，yz AFO interactions in the O"，y AFQ ordered state [34]. They carried out the mean 

field calculation for the 4 sublattices modeI where three interactions of exchange， quadrupole and ocωpole釘e
taken into account and could reproduce the unusuaI properties in phase 11 and III observed in白eexperiments. 

15 
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In addition， the tempera旬reand magnetic field dependence of the unusuaI fie!d induced AF moment expected 
by the mean field calculation was confinned by the neutron scattering experiment measured by Akimitsu et al・-

Thus， it is confinned that the origin of the unusuaI properties is the competition between three interactions in 
theO吋 AFQordered state. 

On the other hand， as for the experimentaI studies of CeB6， there were big progresses. The biggest is the 
discovery ofnew phase， calIed phase lV， in Ce.，La1-.，B6(xく0.8).The detail ofphase IV is described in l.4. 
AIso in CeB6， there was a big progress in the II-I phase boundary・

ln 1998， Hiroi et al. performed the specific heat measurements of Ceo.sLao.sB6 under the magnetic field and 
found that there exists the cIear peak at high magnetic fields in Ceo.sLao.sB6 as is shown in Fig.l. 1 9 [30]. Hiroi 

et al. aIso perぬrmedthe specific heat measurements of Ce.，La1_.，B6(xく 0.4)under the magnetic field and 
confinned the tendency to cIose of phase II at high fields as is shown in Fig.l.19. Fぽ位1町more，they aIso found 
that the Iarge anisotropy ofthe II-l phase boundary exists at high fields in Ce.，La1_.，B6 as is shown in Fig.l.20. 

H5r「-斗I叩(ο1附く HEFγ-寸I(川くHgγ-斗I叩(υ11山11
T可4Jr1ω0叫く T可J川く T巧;叫

Here， Hg-I denotes the criticaI magnetic field合0叫 haseII to 1. 

CexRl-xB6 (R = Pr， Nd) 
RB6 (R = Pr， Nd) aIso have been studied intensively since a few decades ago. These compounds show the AF 
magnetic order at Iow temperatures.百leresent studies suggest 白鉱山eAFQ interaction have a important role 

in the AF magnetic order ofPrB6 and PrB6' 

1.3 

PrB6 

PrB6 is the interesting compound where the AFQ interaction may play an important role in its non-coIIinear 

AF magnetic structure whose structure is similar to that of CeB6・Theground muItiplet of Pr3+ ion in PrB6 
by the spin-orbit interaction is J = 4 which is spIit into r s (凶plet)-r3(314 K， doublet)-r 4 (377 K，住iplet)-r1
(464 K， singlet) due to the cubic CEF effect [36]. PrB6 exhibits two successive first order phase transitions at 

Iow temperatures， as shown in Fig. l.22 [45]. The magnetic structures in the commensurate (c) and IC phases 
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Fig. 1.21 Crystal自eldlevel schemes for Pr~ and NdB6 detennined by inelastic neutron scattering experimen包[36].

at H = 0 and the C phase above '" 2 T for H 11 [11叫determinedby the neutron sc副 eringexperiment is 
shown in Figs. 1.23 (吟1.23(c)， respectively [46]. The IC double-k structure appears at TN = 7 K， which is 
shown in Fig. 1.23 (b) and the lock-in仕組sitionto the C double-k structure appears at TIC = 4.2 K， which 
is shown in Fig. 1.23 (a). Here， the double-k structure in the IC phase is characterized by the ordering vector 
of k1 = [1/4 -O， 1/4， 1/2] with o = 0.05 and白atin the C phase by k1 = [1/4，1/4，1/2]. The magnetic 
structures in both phases are that of the planer-type. In the C phase， the non-collinear AF magnetic structure 

with the two-fold easy axis similar to that in phase III ofCeB6 is realized. From these results， also in PrB6白e
O:ry吋peAFQ interaction is believed to play an important role in the C phase and the origin of the IC magnetic 

struc旬rein白eIC phase is considered to be a result of the competition between the 0吋 -typeAFQ and AF 
exchange interactions. By applying the magnetic field along the [110] direction in the C phase， the collinear 

single-k AF magnetic structure is realized above '" 2 T， where the χょconfigurationis realized as shown in Fig. 
1.23 (c). 

20 
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Fig.l.22 Magnetic phase diagram ofPrB6 [45]. 

鑓
(b) (c) 

九一

Fig. 1.23 Magnetic structure of PrB6 in (a) the non-collinear 
double-k C AF magnetic phase， (b)白eIC magnetic 
phase and (c) the collinear single-k C AF magnetic state 
above H '" 2 T for H 11 [110) [46]. In the C ph蹴，
there exist three domains of K"，y， Ky. andK."， and in 
血eIC ph蹴，three domains ofK!~ ， K~~ and K!~ . 
(何dIφ}∞rrespond to K町 andK!~ ，respectiv均・
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F日i忽伊lr，問es1.24 叩 d 1.25 show the magnetic phase diagram and the magnetic structure of NdB6， respectively 
[39，40]. NdB6 exhibits the type 1 (Q = (0 0 112)) AF magnetic order with the ordered below TN = 8 K [37]. 
The easy axis ofthe magnetization in the AF magnetic state is a fourfold one， although the point-charge model 
based on the CEF favors a threefold easy axis. The reason why the fourfold easy axis is realized in the AF 

magnetic state is that there exists a sizable magnitude ofthe og吋peFQ interaction in NdB6 [38]. 

Ce"，Prl_"，B6 
Figures 1.26 (a) and 1.26 (b) show the magnetic phase diagram of Ceo汗rO.3B6for H 11 [001] and [110]， 
respectively [47]. By substituting Pr into CeB6， the magnetic phase diagram becomes more complex than 
that of Ce"，Nd1_"，B6 system. ln the present sample， six LRO phases appear: IC1， lCl'， IC2， IC2'， C and 

II. The magnetic phase diagram for H 11 [111] is similar to伽 tfor H 11 [110]. For H 11 [001]， the results of 

Ceo.7 Lao.3B6 are also shown. TQ of at high magnetic fields is smaller than白紙ofCeO.7PrO.3B6，but this relation 
is reversed at low magnetic fields. For H 11 [001]， the boundarybetween the IC' and II phases is not recognized 
in the present experiments. The C phase exi由 forH 11 [110] and [111] but not for H 11 [001]. 

Figure 1.27 shows the Pr concen回 tiondependence ofthe phase transition temperatures ofCe"，Prl_"，B6 [48]. 

With increasing x to '" 0.2， the N白Itemperature， Tc decreases and disappears at x '" 0.2. For x ~ 0.2， a 

new phase， IC2 with the lC component of its k vector oriented along a twofold砿 isappears in an intermediate 
temperature interval between TICl and TN・Here，TN is the transition temperature合omparamagnetic phase to 

phase IC2. TICl and TN show decrease with increasing x and disappear at x '" 0.7 and x '" 0.8， respectively. 
In the Ce-rich composition range， TQ and TN ofCeB6 decrease with decreasingx although TN shows a increase 
up to x '" 0.9. 
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Ce"，Nd1_"，B6 
Figure 1.28 shows批 magneticphase diagrams ofCe"，Nd1_"，B6 (x = 0.9，0.8，0.5 and 0.4) for for H 11 [001] 
[41]. The magnetic phase diagram for x = 0.9 is in principle the same as白atof CeB6 apart企om白edi貸erent
values ofTQ， TN and H~II-II. For x = 0.8， a marked change takes place in a low magnetic field region. A 
new phase， called as phase V appears on the high-temperature side of phase IIIA. Recent n即位ondiffraction 
experiments revealed白atphase V for x主0.5is the incommensurate (IC) magnetic order and for x壬0.5，
phase V changes to the type 1 AF magnetic order as in NdB6 [42]. Phase IIIA is also the AF magnetic order 

where all types of quadrupole interaction becomes weak compared with phase III of CeB6・Withdecreasing x， 
TQ is rapidly suppressed down to H ，...， 3 T. Phases IIIA and 11釘eseparated by phase V. In Ceo.4Ndo.6B6， phase 
V expands markedly and phase 11 disappears but the phase回nsitionbetween phases IIIA and V is observed at 

T "'" 1.3K at H = O. 
Figure 1.29 shows the x dependence of the phase transition temperaωres of Ce"，Nd1_"，B6 [41]. With de・

creasing x down to "'" 0.88， TQ is suppressed and TN is enhanced. Just after TQ coincides wi出TNat x "'" 0.88， 
phase IIIA and V appear.官官transition temperaωre from phase V to 1， Tv -1 shows a small increase down to 
x "'" 0.5 and links to the AF magnetic state ofNdB6・
The specific heat of Ce"，Nd1_"，B6 (x = 0.03， 0.4， 0.5， 0.6 and 0.8) is shown in伽 formof C /T in Fig. 
1却 [43].C /T for x = 0.03 shows a sharp peak at TN = 7.5 K. Its T dependence is similar to that ofNdB6・
As observed on the CeB6 side，白eT dependence of C /T is similar to伽 tof CeB6 down to x "'" 0.9 but is 

markedly changed below x "'" 0.8. For x "'" 0.8 and 0ムC/T shows a sharp peak幻 TV-III"'" 2.3 K and a 
clear kink at TV-I "'" 3.1 K. A金制icchange takes place between x = 0.5 and 0.6. For x = 0.5， C /T is nearly 
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constant below Ty-I. while a sh訂ppeak is observed at Ty -IIl '" 2.0 K . For x = 0.4， a broad peak is observed 
at TY-I and C /T is nearly constant below '" 3.0K， although a sharp peak is expected to appear at TY-m '" 1.2 
K. 
Figure 1.31 shows the T dependence of M of Ceo.sNdo点 6for H 11 [110] [44]. At TY-I ='" 3.0 K， a 
kink is observed and a T dependence is weak below TY-I down to TY-m '" 2.5 K.百leanisotropy of the 

magnetization is not recognized in血epresent sample. Below TY-m， a large increase is observed already合om
the low magnetic fields， which suggests白atthe effectively weak ferromagnetic interaction exists even at low 
magnetic fields in phase IIIA. 
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1.4 Phase IV of CexLa1-xB6 

In 1995， the unusual phase diagram of CeO.5Lao.5B6 reported by Nakamura et al.， where the ground state is a 

Kondo singlet. [49]. In 1996， Nakamura et αl. and Sakakibara etα1. independently discovered phase IV by the 
measurements of the elastic constant and the magnetization， respectively [52，53]. The existence of phase IV 
was confinned by the detai¥ed study of p performed by Hiroi et al. [54]. Figure 1.32 shows山 phasediagrams 

ofCe"，Laト "，B6{X= 1， 0.75， 0.7， 0.5) for H 11 [001) determined by the magnetization measurement [53]. By 
doping La in CeB6， TQ rapidly decreases but TN shows a small decrease， and these two transition temperatures 
coincide with each other at x = 0.8， below which phase IV appears [51]. Figure 1.33 shows the x dependence 
ofTN and TQ [50]. The Twx curve smoothly changes to the TIV-I-X one. Here， TIV-I denotes the transition 
temperaωre from phase IV to 1. No anomaly is seen at x "，0.8 in the Twx curve or TIv -I-X one. The magnetic 

phase diagram of CeO.5Lao.5B6 reported by three groups is different from each other. Goto et al. insists that 

phase IV does not exist in白issample and its ground state is the Kondo singlet [49，52]. On the other hand， 
Sakakibara et al. and Sera etα1. insist that phase IV exists in this sample [53，54]. 

1.4.1 Characteristics of phase IV 

. Since the discovery ofphase IV ofCe"，Lal_"，B6， the extensive studies have been performed by many groups. 
Here， we summarize the experimental results ofphase IV. 

Specific heat 

Fi伊re1.34 and 1.35 show the T dependence ofC ofCe"，Lal_"，B6{X=0.75， 0.7， 0.5) at zero magnetic field. For 
x=0.75 and 0.7， a sharp peak is observed at T '" 1.4K， which originates仕omthe IV-I transition. This sharp peak 

suggests that the IV-I transition is that ofthe se氾ondorder and the magnetic 即位opyis mostly released due to the 

phase 1¥ん1transition. For x=0.5，血ispeak becomes very broad but the maximum is still recognized at T "，0.8K. 

On the other hand， compared with this peak， the peak at仕le1平IIItransition tempera旬rein CeO.75Lao.25B6 is 
very small. This indicates that白edifference of the合eeenergy between phase III and IV is extreme¥y small. 

III 
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123401234012345  
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Fig.l.32 Phase diagrams ofCe"，Lal_"，Bd(X = 1. 0.75. 0.7. 0.5)おrH 11 [001] [53]. 
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Ce"， Lal-"， B6(X=O.75， 0.5) at zero fi eld [52]. 

Magnetic susceptibility 

Figure l.36shows theT dependenceofthe magnetic susceptibility ofCe"，Lal_"，B6 (x=1.0， 0.75， 0.7， 0.5)[53]. 

The magnetic susceptibility shows the broad peak at Tlv -1. Since the hysteresis could not be observed， the phase 
仕組sition企omIV to III is白atof the second order.百tisresult is consistent with that ofthe specific heat. It is 

noted that the magnetic susceptibility in phase IV is di鉦erent合omthat in the usual AF magnetic phase. Namely， 

the cusp at Tlv -1 is observed independent ofthe magnetic field direction， and no appreciable anisotropy is found 
below T1v-I. Entering into phase III合omphase IV with decreasing tempemture， the magnetic susceptibility 

shows a large increase with decreasing tempemωre. This originates合om白eFM component easily induced by 

the magnetic field in phase III.百leIV-I1I phase仕組sitionis白atof the first order. 

The magnetization measurements ofCeO.7sLao.2SB6 underuniaxial pressures were performed by Sakakibara 

et α1.. The results show白紙thereexists the anisotropy of M in phase IV under the uniaxial pressures as shown 
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in Fig.1.37 [56]. 

Magnetoresistance 

Figure 1.40 shows the magnetic field dependence of p of CeO.7Lao.3B6 for H 11 [001] [55]. p exhibits the 

small magnetic field dependence in phase IV. The small magnetoresistance is observed also in phase IV of 

Ceo.7sLao.2SB6 and Ceo.6SLao.3SB6・Thissmall magnetoresistance is common to phase IV [54]， and means the 
small magnetic field dependence ofthe energy levels in phase IV. 
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Temperature dependence of the elastic cons也nt，
C44 mode ofCeo.nLao.25B6 [52] 

Fig.l.41 

Elastic constant 

Figure 1.41 shows the T dependence of the elastic constant， C44 mode of CeO.7SLao.2SB6 [52]. The elastic 

constant of C44 mode exhibits the anomalous large softening in phase IV. In the case of ferro・quadrupole(FQ) 

ordered state， the observation ofthe large softening towards the仕ansitiontemperaωre. However， in the present 
case， the remarkable softening is observed below Tlv-I・
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Thermal expansion 

Figure 1.42 shows the thermal expansion along the [001] and [111] direction ofCeO.75Lao.25恥 [57].In phase 

IV， the lattice expands along the [001] axis， while shrinks along the [111] axis. From these results， Akatsu 
et α1. concluded that the trigonallattice distortion takes place in phase IV and discussed the possibility ofthe 
O"，y + Oyz + Oz"， order in phase IV. However，白eydid not take the domain dis位ibutioninto account. In the 
microscopic measurement， it is difficult to know how the crystal structure is changed in the ordered state. In 
order to determine the crystal structure， it is necessary to measure the transverse and longitudinallength changes 
under the condition that the single domain state is verified to be realized. 

Neutron diffraction ・NMR・μSR
Since the discovery of phase IV of CeO.75Lao.25B6， large efforts have been paid to find the magnetic peak. 

However， no magnetic reflection was observed in phase IV [58]. On the other hand， a trace of a broken time-
reversal symmetry was observed in NMR andμSR experiments [59，60]. 

Soon after the discovery of the LRO with Q=(1I2 112 112) by the resonant X-ray scattering measurement 

(described later)， Kuwahara et al. performed tte neutron scattering experiment of CeO.7 Lao.3B6 and observed 
weak but distinct super1attice reflection at the scattering vector k = (h/2， h/2， 1/2) (h， 1 = odd number) [61]. 
Fi伊re1.43 shows the magnetic form factor at山 super1atticespots along the [1，1，1] and [1，1，1] directions 
obtained by using the integrated intensity ofthe observed super1甜icereflections and by making the corrections. 

The magnetic form factor is strong for high scattering vectors.百liscannot be explained by the usual antifeη0・

magnetic ordering even by considering any conceivable magnetic structure as wel1 as any domain dis位ibution

because the data in Fig. 1.43 are the form factors at the super1attice spots along the same direction. Therefore， 
this unusual k dependence of the form factor direct1y evidences白atthe order parameter has a magnetization 

density different仕omordinary dipole orderings. This result qualitatively agrees with the theoretical calculation 

consid'ering an average of four domains of the order parameter 1;β， as shown in Fig. 1.44 [62]. Fur白ermore，
合omthe selection rule of the cross section based on the s戸nme位yclassification of octupolar scattering for the 

血reepossible octupoles T"，yz， Ta and Ts， this result can rule out the possibility of T"，yz with r2 symmetry 
because the super1attice reflections along the [1，1，1] direction with threefold symmetry have been observed. 
九 withr 4 symme町 isalso unlikely to explain the observed k dependence because magnetic dipoles wi出
the same r4 s戸nmetryas T a are expected to be mixed. Therefore，出isresult s仕onglyindicates白atthe order 
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parameter of phase IV is the magnetic octupoles乃wi出口 symme町.

Resonant X-ray scattering 

Recently， the resonant X-ray scattering (RXS) measurement ofCeO.7Lao.3B6 was performed by Mannix et al. 
[63]. The results show that a long-range order (LRO) with Q=( 1/2 112 112) exists in phase IV， Figure 1.45 shows 

the experimental results ofRXS for CeO.7Lao.3B6 at the Ce L2 absorption edge. The scattering vector Q is (3/2 

3/23/2). For the (1-1r' intensities， both El and E2 RXS peak is observed at T=1.0K. On the other hand， for 
白e1r-π， intensities， only出eE2 RXS peak exists. At T= 1. 7K， only the E 1 RXS peak is observed for the σ・ポ
intensities.百leseresults indicate that the magnetic dipole moment is induced in 5d shell but the quadrupole 

moment is not. At the E2 resonance， rank-iぴ=1，2，3，4)tensors ofthe 41 orbital contribute toσイ andπイ
polarizations. However， the result ofthe El transition denies the existence ofrank・2and rank-4 tensors. Thus， 
the following two cases are consideredω白eorder parameter corresponding to the E2 RXS pe紘s.One is both 

the magnetic dipole moment and the octupole moment， and the other is either one ofthe two. 
Mannix etα1. explained the azimuth angle dependence ofintegrョtedintensities by assuming that r 4u-AFO 

ordering is realized in phase IV as is shown in Fig.1.45. Ifthe order parameter ofphase IV is出er4u-AFO， 
the r 4u magnetic dipole mornent rnust be induced. This assumption contradicts the experimental results ofthe 

neutrondi倍'action.

r 5u Antiferro-octupole (巧-AFO)ordering model 

In 2001， Kusunose and Kuramoto discussed the possibility ofthe r5-AFO ordering in phase IV in the course of 
the study ofphase III' in CeB6 for H 11 [111) [64]. Because the easy axis ofr5u-AFO ordered state is the [111] 

direction， the order parameter of phase IV is probably勾=(T$ + T% + Tg)/v'3 wiめfourequivalent domains. 
It is noted that Ts accompanies a ferro-quadrupolarmoment ofthe O"，y+Oyz+Oz"，・百lOS，O"，y+Oyz+Ozx is 
induced by Ts-AFO ordering and then the lattice deforms along the [111] axis. 

1.4.2 

In 2003， Kubo and Kuramoto performed the mean field analysis for phase IV in detail [65]. 

Figure 1.46 shows the level scheme ofthe rs qu釘tetwhen the T.β-AFO interaction exists. The rs quartet 
splits into three levels and the ground state becomes a nonmagnetic singlet. Figure 1.47 shows the temperature 

dependence of the quadrupole susceptibility，χrs'χrs rapidly increases at the transition temperaωre.百lis
means that the elastic constant C44 shows a remarkable softening at the transition temperaωre. Figure 1.48 

shows the temperature dependence of the magnetization in the single domain in magnetic field H = 0.2 T 
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Temperature d叩endenceof白emagnetization of 
Ceo.7Lao.3B6 under uniaxial pressures applied 
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0. 

Fig.l，49 

along various directions. This results shows that白emagnetization is anisotropic in Ts-AFO ordered state. 

百lisanisotropic behavior is confirmed by白e血emagnetization measurement of CeO.7 Lao.3B6 under uniaxial 
press町田appliedalong the [111] directionぉ inshown in Fig.1.49 [66]. 

Soon after the discovery of出eLRO in phase IV by the resonant X-ray di缶action，Kusunose and Kuramoto 
analyzed the azimuth angle dependence ofRXS performed by Mannix et al. [63] by assuming伽 tTβ-AFO

ordering is realized in phase IV as is shown in Fig.1.50 [67]. In the E2σ・σIresonance， the scattering intensi!y 

exhibits sixfold oscillation， which indicates the occurrence of the order with sixfold symme町 along[111]. 

Among all白emultipoles in血ers q回rtet， r2u， r4u， rsu and r4g type multipoles have sixfold symmetry. 

Table 1.2 shows the angle dependence of白eRXS intensity for possible multipoles in白reefoldaxis.百le

experimental results for the E2σ・σIchannel shows the maximum at雷=O.百lisexperimental results can be 
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explained by only the r 5u-type AF octupole ordering whose angle dependence is proportional to cos2 3w. 
On the other hand， the experimental results for the E20'-ll" channel exhibits threefold s戸nme住y.The r 5u• 
type octupole， which is consistent with the observed oscillation for the E2σ・σ，channel， cannot explain this 
experimental results. This problem is solved by considering the existence ofthe four equivalent domains. In the 

E20'-ll" channel， the con位ibution企om[111] domain paraIIel to Q=(3/2，3/2，3/2) is much larger than those合om
the other three domains. In contrast，社lecon位ibutionsfrom the other也reedomains are much larger than白at

from [1 1 1] domain in the E20'-O" channel. By considering the above siωation， Kusunose and Kuramoto obtain 
the theoreticallines as shown in Fig.l.50， which could reproduce the experimental results very weII. 

As mentioned above， Ts-AFO ordering proposed by Kuramoto et al. could explain most of the characteristic 
properties in phase IV. Thus， the Ts-AFO ordering is said to be a strong candidate for the LRO in phase 1玖

Problems in the 勾-AFOordering model proposed by Kuramoto et al. 

Although the勾-AFOorder is the most plausible candidate for恥 orderin phase IV， there exists the foIIowing 
problems which seem to be di侃cultto be explained by the Ts-AFO 0吋ering.

(1) The回perimentalresults of the magnetization under uniaxial pressures P 11 [001] 

百lereexists fo町 equivalentdomains along [111] direction in phase IV. Then，白isdomain distribution is not 

atfected by the uniaxial pressure for P 11 [001]. However， the experimental results ofthe magnetization under 
uniaxial pressures P 11 [001] shows the large anisotropic behaviorin magnetic field as shown in Fig.l.37. Thus， 
恥勾-AFOordering is difficult to explain these experimental results. 

1.4.3 

(2) Ce concentration (x) dependence ofTN and 1iV-I 

lt is noted that TN above x=0.8 is smoothly connected wi白TIV-Ibelow x=0.8 as shown in Fig.1.33. This 

continuity could be explained ifthe magnetic order is realized in phase IV. However， it seems to be difficult by 
assuming the勾・AFOordering. 

。)Competition between批 induced0吋勾peFQ ordering accompanied wi白the巧-AFOordering and the 
O.，y-type AFQ interaction 

百leTs-AFO ordering induces the O.，y勾peFQ ordering which既 plainsthe lattice distortion along [111] di-
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rection. On the other hand， there should exist白eO"，y-AFQ interaction in Ce"，Lal_"，B6 system. Ifthe phase 
IV is the Ts-AFO ordering， the induced O"，y吋peFQ ordering should compete wi出theO吋 -AFQinteraction. 

Kuramoto et al. did not take this competition into account because出eyconsidered only the Ts-AFO interac-

tion. Thus， it is necess釘Yto examine how the pure T，β-AFO ordering is affected by the other interactions such 
as O"，y-AFQ， T"，yz-AFO and AF exchange interactions and ifthe physical properties ofCe"，Lal_"，B6 could be 
explained or not by taking these different types ofthe interaction into account. 

(4) Temperature dependence ofthe El intensity 

Kuramoto et αl. assumes the Ts-AFO ordering in phase IV， and r叩roducesthe experimental results of the 
RXS in CeO.7Lao.3B6' However， Matsumura pointed out that as for the tempera旬redependence of白eEl 

intensity， there exists some unexplained problems. [68] As in shown in Fig. 1.45， the El intensity decreases 
only gradually with increasing temperョture，with a discontinuity at TIV-I， and continues up to T "，3 K， while 
the E2 intensity disappears at TIV-I. Assuming the Ts-AFO ordering in phase IV， the El intensity seems to 
corresponds to the induced electrical dipole moment by the octupole ordering at TIV-I. In contrast， the reason 

for the existence ofthe El intensity above TIV-I and the sharp rising ofthis intensity just above TIV-I is not 

known. Moreover， it is noted白atthe width ofthe longitudinal scans taken at E2 and El energy thresholds at 

T= 1.0 K ， given in inset of Fig. 1.45， are considerably different.百leE2 is consistent with the LRO， while the 
El is broad， indicating that the correlation length is 200"，300A. 

In the manner now described， there exists several problems with白eTs-AFO ordering. Thus， the order 
parameter of phase IV is still controversial and further studies are necess訂Yto clarifシitsnature. 

29 



Chapter 2 

Purpose of the Present Study 

Since the discovery ofphase IV in CexLal-xB6， many physicists have出edto solve the mysterious order in 
phase IV. Recently， the 1;β・AFOordering proposed by Kuramoto et al. is said to be a strong candidate for LRO 
in phase IY. However， there exists several problems which seem to be di節cultto be explained by their model. 
Thus， we consider that the order parameter in phase IV has not yet been clarified. 
In Ceo.7Lllo.3B6， whose ground state is phase IV， there exists at least three kinds ofinteractions， i.e.，白eAF
exchange，。吋・AFQand Txyz-AFO interactions with nearly the same magnitude except the interaction forming 
phase IV. lt is expected that the phase IV is affected if the unbalance in these interactions is introduced. lt is 

possible to get the information on phase IV by in住oducingthe unbalance. 

Under these situations， we set up the following two p田poses.One is the experimental study and another is 
the mean field calculation. 

(1)百lerare-earth (R) magnetic ion doping effect on phase IV. 

In CexLal-xB6， the ratio ofthe magnitude ofthe different kinds ofinteractions is varied with x. Around 
x = 0.75 where phase IV just appears， the magnitude of the four kinds of the interactions are nearly the same. 
When the R ion is doped in出iscompound， the existence of the magnetic moment of R ion should affect白e
four kinds of the interactions. Then， we expect血eappearance ofthe new kind ofthe phenomena， even the new 
kind of the ordered phase. In sample with a small x， say， X壬0ムthebalance of the interactions are broken 
already in CexLal_xB6' The interaction forming phase IV is the strongest at low magnetic field. In such a 

situatio丸山emagnetic moment of R ion is easy to affect phase IV but difficult to affect phase III. Thus， The 
R ion doping effect is expected to be di能 rentdepending on the X value. We have studied CexRyLal-x-yB6 
(x = 0.7，0.65，0ムO.5.and0.4) with R = Pr and Nd. 

(2) Mean-field calculation for phase IV in the model where the Oxy-AFQ， T:ryz-AFO and AF exchange inter-
actions in addition to白勾-AFOinteraction. 

We note白紙白eLRO was discovered in the resonant X-ray di缶actionand Kuramoto et al. proposed the 

Ts-AFO ordering model when the author was a master co町民student.At that time， the author had been studied 
the R ion doping effect on phase IV without knowing the order parameter in phase IY. Although the Ts-AFO 

ordering model could explain many characteristic properties in phase IV， we found that in the Kuramoto's 
model， only the Ts-AFO interaction was ta 
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Chapter 3 

Experimental 

3.1 Preparation of the single crystals 

In the present study， we made the following single crystals. 

• Ceo.7Nd官Lao.3一宮Bdν=0.005，0.01，0.03，0.05油 d0.1) 
• CeO.6SNιLao.3S-yB6 (y = 0.02， 0.03 and 0.05) 

• Ceo.6NdyLao.4一世B6(y = 0.05， 0.06， 0.07， 0.08 and 0.1) 

・Ceo.sNdo.1 Lao.4B6 
• Ceo.sPro.1Lao.4B6 

・C句.4Ndo.1Lao.sB6
In the following sections， we describe the details ofthe sample preparation. 

3.1.1 Preparation of the sintered sample 

In order to make big and high quality single crystals， it is necessary to make homogeneous sintered samples 

with high density. The procedure to make a sintered sample is as follows. 

1. Measure the appropriate weight of powder of B and rare earth oxide according to the formula described 

below. The formula indicates the reaction leading to RB6 powdered sample. The powder of ra釘ree悶a凶1

oxide used i泊nt白heprl問es鉛en凶tstudy is shown in table 3.1. Take Ce句0.7孔La匂O.29Nd山0ω.0似1B恥6for example， the the 
reaction equation is given by 

• Ce02+8Bー→CeB6+2BOt 
• La203+15Bー→2LaB6+3BOt 
・Nd20315Bー→2NdB6+ 3BO↑ 
• 0.7 CeB6 + 0.29 LaB6 + 0.01 NdB6一→Ceo.7 Lao.29 N do.01 B6・
Before measuring the weight OfLa203 powder， it is heated for 15"，  18h at 300 oC in orderto remove 

moisture from La203 powder. The weight ofthese powder is arranged such伽 t白 to凶 weightis '" 20 

g. 

2. Mix the different kinds of powder using an auto mixing machine for 30 minutes. 

3. Put the mixed powder into the long and白inrubber tube and close both ends oftheωbe. 

4. Press the powder using the Cold Isostatic Press (CIP) produced by白eNikkiso incorporated company， as 
shown in Fig. 3.1. Then a uniform pressure is added to the powder at 250 MPa for 1 minutes. 

5. Sinter the pressed powder using the high企equencyfumace，ぉshownin Fig.3.2. The temperaωre for a 

reaction is about 1800 oC and the time for the reaction is 1 hour. 
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material purity(%) manufacturer 

Ce02 99.99 Rare metallic lnc 

La203 99.99 Rare metallic Inc 

Nd203 99.99 Rare metallic Inc 

Pr6011 99.99 Rare metallic Inc. 

B 99 High purity science research institute Inc. 

Table.3.1 Rare earth oxide powder used in出epresent srudy 

3.1.2 Preparation of the single crystal : Floating Zone (FZ) method 

CexRyLal-x_yB6 single crystals used in the present study were prepared by the FZ method as follows. 

1. Hang the sintered sample with a length of ~ 100 mm down and set short one with that of ~ 30 mm at 

the lower shaft. 

2. Move an each edge of the two sintered samples to the focus point of fumace and then the both edge are 

Fig.3.1 CIP we used in出epresent work 

Transister 

Carbon felt 

Fig. 3.2 Schematic p印刷reof the High frequency fumace 
Fig.3.3 High frequency fumace we used in the present 
work 



3.2 3He cryostat 

Poly crystal 

し一一岬

にーノ

8ingle crystal 

L一一

、;ニノ

Poly crystal 

Fig.3.5 Schematic picture ofthe Floating Zone me吐IOd.

Fig. 3.4 Schematic picture of白efour-miπor-type imageぬr・

nace. 

melted and a melting zone with a length of"，  5 mm. 

3.百lesingle crystal is made by moving the melting zone with '" 10 mmJh. Then the cpper and lower 

sintered samples are rotated in a reversal direction. 

When the sintered sample is entered into molten zone， the part ofthe sintered sample in a molten zone is melted. 

The melting zone is moved合omthe bottom to白etop ofthe sintered sample slowly with '" 10 mmJh. In a part 

of the melted part which is cooled down， a single crystal is produced along same crystal邸 is.This part of a 
single crystal is enlarged during the movement of the melting zone. In a FZ method， the sample does not touch 
with any other materials， which makes the sample quality very good. As mentioned feature above， the high 
purity and large single crystal can be produced by the FZ method. Figure 3.4 shows the schematic pic旬reof 

the situation of the single crystal growth by the FZ method. In present study， image furnace with four xenon 

lamps produced by the Crystal Systems incorporated company was used as a single crystal growth furnace. The 

crystal growth was performed by Associate Prof. F. Iga. 

3.1.3 Sample check byX-ray Laue method 

1. Cut only homogeneous pa市 ofthe single crystal using a diamond cutter. 

2. Fix the sample on the goniometer and批 X-rayis exposed to恥 cutsurface of a single crystal for a few 

minutes.百len，Laue picture
o 

is obtained. 

3. Determinate the (001) and (110) s町faceusing a Laue picture as reference. 

4. Cut the sample using the electrical discharge machine so as to get the crystal surface we want. 

3.2 3He cryostat 

We used a 3Heαyostat made by A. Kondo for the electrical resistivity measurement below 1.4K. The 3He 

cryostat is a devise by which the low tempera旬redown to 0.4 K is obtained by pumping Iiquid 3He [69]. 3He is 
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To 3He Handling System 

bath T--1.4K 

Vacuum chamber 
Liquid 'He 

Fig. 3.6 Schematic picture of the 3 He inseπdewier [69] 

To superconductig magnet 

V2 

LV 

'He Gas Dump 

Fig. 3.8 Schematic picture of single shot type 3 He handling sys-
tem. V， GV， NV and LV mean the valve， the gate valve， 
the needle valve and the leak咽 Ive，respectively 
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3ti. 
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国1町田.1

T.dlabatic cell 

Fig.3.7 Schematic picture ofthe 3He cryostat using the electri-
cal resistivity measurement 

Fig.3.9 Handmade 3He handling system. 

a Fenni particIe composed of a neutron and two protons目Because3He has a 100 times saturated vapor pressure 

of4He， 3He cryostat can produce lower t巴mperaωrethan 4He one. 

The principle to lower the tempera旬reby using 3He cryostat is as follows. 

Figure 3.6 shows the schematic picture of the 3He insert Dewar. First， the extemal world of the 3He insert 

Dewar is cooled down to 1.4 K by purnping liquid 4He. Next， 3He gas is entered into 3He pot， and then 3He 

gas is liquefied by the thennal contact. In order to prevent the thennal contact合omthe extemal wor¥d， there 

exists the vacuum chamber around the 3He pot. After 3He becomes liquid， the liquid 3He is pumped by the 

rotary vacuum pump， and then the temperature is cooled down to 0.4 K. The 3He crγostat using the electrical 

resistivity measurement is schematically shown in Fig.3.7. 

Figure 3.8 shows the schematic picture of single shotザpe3He handling system. 

Here， the procedure oftemperature reduction by using 3He handling system is as follows. 



3.3 Electrical resistivity measurement 

1. Evacuate the 3He gas line. (First， hitch the vacuum pump into Auxl and open V2， V3 and GVI， and then 
vacuum the 3He line.) 

2. Open VO and enter 3He Gas into 3He pot. 

3. Prepare pumping the liquid 3He using the rotary vacuum pump (RP). (Close Vl， GVl and NV， and open 
GV2.) 

4. Pump the liquid 3He and lower the tempera旬re.(First， Open NV and next， GVl gradually.) 
5. After pumping the liquid 3He， close GV2 and open Vl， then 3He gas is condensed again. 

3.3 Electrical resistivity measurement 

The electrical resistivity was measured by an usual four probe AC method. The four probe AC method is 

used widely for the electrical resistivity measurement because this method can remove the influence of thermo・

electromotive force and error by the contact resistance between the sample and the terminal. Moreover白is

method is very accurate and easy to measure. The resistance bridge (LR700) produced by Linear Research 

incorporated company is used. The temperature is determined by measuring the electrical resistivity of the 

semiconducting Cemox 1 050 thermometer above 1.5 K叩 dRU02 down to 0.4 K. The tempera知reis measured 

by the tempera旬recontroller (LTC-21) by Neocera incorporated company. 

Figure 3.10 shows the situation ofthe sample setting for the electrical resistivity measurement. The samples 

are cut into a p釘allelpiped shape and fixed by indium which is glued on白esapphire plate. This plate is glued 

on the large Copper heat bath. Thus， a good thermal contact is obtained. The voltage terminals are jointed to 
the gold wire by indium as shown in Fig.3.10. The magnetic field is produced by the superconducting electro-

inagnet， and is controlled by IPS120-10 produced by the OXFORD incorporated company. The tempera旬reis 
controlled by LTC503 produced by the OXFORD incorporated company. The electrical resistivity was measured 

in a temperaωre region between 0.4 K and 13 K in magnetic fields up to 14.5 T. The 3He re合igeratorused in 

the present study was made by A. Kondo. 

Current 

Voltage 

。Indium

Gold wire Sapphire board 

Fig.3.10 Setting ofthe s創nplefor the electrical問sistivitymeasurement 

3.4 Magnetization measurements 

3.4.1 Faraday method 

Magnetization measurements in白etemperature range of 0.4 to 3 K were performed using a capacitive Faraday 

magnetometer [70] at Sakakibara Laboratory， ISSP， Univ. Tokyo. It is known伽 tone of the most popular 
method for the magnetization measurement is the sub仕actionmethod using the Superconducting Quanωm 

Interference Device (SQUID). In血ismethod， the sample moves inside a pick up coil to drive a time-varying 

magnetic flux. Then， the movement of this sample produces heat and warms up to the sample. On the other 

hand， in白eFaraday method， as described later，出eheat-up does not occur because the sample is moved only 

37 



38 

ThinCU明柑
I属国

30"首n

~ 勘臨

口町

(b) 

(a) 

Main α語l¥、

/ 
¥ 

Chapter 3 Experimental 

Z 

r 

Fig.3.11 (吟Schematicpicture of the principle of the measure- Fig. 3.12 Schematic diagram of a superconducting magnet for a 
ment. (b) Cross-sectional view of恥 load-sensingde・ Faradaybalance experiment [70]. 
vice [70]. 

a Iittle in the co町seof白emeaSl汀ingprocess. In血ismethod， the variation of capacitance induced by the 
magnetic field gradient is measured and it is caIibrated to the absolute value of the magnetization. 

The principle ofthe measurement by the Faraday method is as foIIows. 

Figure 3.11(a) shows the schematic picture ofthe principle ofthe measurement. A sample with the magnetiza-

tion M is mounted on a smaII Ioad-sensing device (load seII) made of a paraIIeI-plate variable capacitor， whose 

movable plate is suspended by elastic springs as is shown in Fig.3.11(b). When the magnetic field gradient is 

appIied to白 magneticsample， this sample wiII experience a force F =一M誓.Here，凧e久，w附echo附s鈴e伽 d曲i仕r悶e削c
oft白hefield gradient as z direction. Suppose that F is directed perpendicular to白eplates. The movable plate 
wiII then be pushed untiI the restoring force of the springs balances wi白F.Within an elastic deformation of 

the springs， the displacement ofthe plate is proportionaI to F. F is given by 

F=ーκsI， (3.1) 

where κand 1 denote the constant of spring and the Iength between the plates， respectiveI子 Andthen，血e

displacement ofthe plate， sI can be detected as capacitance change，ムC:

ム1= fOsC. (3.2) 

Here， fO and S denote the permittivity ofvacuum and the dimensions ofthe plates， respectively.The capacitance 
changeムCis given by (l/C -l/Co). C is the capacitance where the field gradient is applied and CO denotes 
the unloaded capacitance. From (3.1) and (3.1)，白emagnitude of M is determined. 

The superconducting magnet， produced by the OXFORD incorporated company， used in the present study 
is schematicaIIy shown in Fig.3.12. The main coiI produces magnetic fields up to 9 T. The gradient coiIs are 

wound outside the main coiI， and are capable ofproviding a verticaI field gradient up to 10 T/m. 
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3.4.2 Extraction method by electromagnetic induction 

In the extraction method， the magnetization is obtained by measuring the induced electromotive force. The 

schematic picture ofthe measurement system is shown in Fig.3.13. 

In the initial condition， the magnetic sample is in a lower position out side the pick-up coil. By applying 
the magnetic field， the sample is magnetized. The sample is pulled up to a higher position outside the pick-up 
coil through the pick-up coil. As the position ofthe sample is changed in a pick-up coil with time， the induced 
electromotive force is 
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(3.3) 

Here， n denotes a unit normal vector of the coil section， and S denotes the cross section of the coil. Output 

voltage is amplified by the Micro-volt meter (the Okura Denki incorporated company) and is shown as a function 

oftime on a display， as shown in Fig.3.14. The magnetization is obtained by integrating the out put voltage as 

follows. 
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(3.4) 

The integrated value is proportional to the area below or above iero line in Fig. 3.14. The tempera旬reofthe 

n布団・・hr(CX-IOI弱}

Fig. 3.13 Measurement system for magnetization by白ee1ectromagnetic induction method. 
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sample is estimated by averaging that before and after the measurement process. 

The microvoltagemeter (出eOkura Denki incorporated company) is used for the measurement of the out 

put voltage. The temperature is determined by measuring the electrical resistivity of Cemox 1 050 produced by 

the Lakeshore incorporated company. The electrical resistivity of Cemox 1 050 is measured by using LTC21 

produced by the Neocera incorporated company. The temperature is controlled by the LTC503 produced by the 

OXFORD corporation. The magnetic field is produced by the superconducting magnet and controlled by the 

IPS120-1O produced by the OXFORD co中oration.The region oftemperature is between 1.5 and 12.0 K. The 

region of magnetic fields is up to 14.5 T. 



Chapter 4 

Mean Field Calculation for the 

Two-sublattice Model 

Here， we show the results ofmean field ca¥culations for the two-sublattice model in which the Ozy-AFQ， T.，yz-
AFO，勾-AFO，and AF exchange interactions a削 akeninto account and discuss批 effectof the above three 
interactions on the Ts AFO order. 

4.1 Introduction 

In CezLal-zB6， TQ and TN are reduced with a decrease of x， and at x ......0.8， TQ coincides with TN due to 
their di釘erentsuppression rates by La ・doping.Phase IV appe訂sat x ......0.8. [50，51]百lisindicates that白e
Ozy-AFQ and AF exchange interactions have almost the same magnitude as伽 tof the interaction that forms 

phase IV at x ......0.8. As for the Tzyz-AFO interaction， its magnitude is expected to decrease in the same way 
as the Ozy-AFQ one， judging from the x dependence of the magnetic phase diagram. In such a siωation， the 

magnitudes of the 0町・AFQ，Tzyz-AFO， and AF exchange interactions， and the interaction that forms forming 
phase IV should be ofthe same order at least aroundx ...... 0.75. Thus， all the above interactions should be taken 
into account when we discuss the physical properties at x .....， 0.75. 

As mentioned in the Introduction， the order in phase IV is said to be the Ts-AFO order. The wave vector 

Q=(1I2 112 1/2) ofthe O.，y-AFQ and Tzyz-AFO ordering in phase 11 is the same白紙inphase IV discovered 
in the resonant X-ray di缶'action.This makes the two-sublattice model calculation in which the 0吋・AFQ，

Tzyz-AFO and Ts-AFO ordering are taken into account meaning. As for肘 orderparameter of the T，β-AFO 
order， we take伽IinearcombinationofTs'， T$， and Ts， (Ts'+T$+Ts)fv告白inthe model proposed by Kubo 
and Kuramoto. [65]In their model， there exist four equivalent domains along the three-fold axis at H=O. For 
H 11 [001]， these domains are equivalent. But出町arenot equivalent for H 11 [110]， and [111]. In the present 
calculation， the single domain with the easy axis along the [111] direction is assumed. In this case， the results for 
H 11 [111] and [110] are different from those for H 11 [11司and[110]， respectively， and this di民rencereflects 
白e白edifference of domain dis凶butiondepending on the applied field direction. Although the anisotropic 

behaviors are obtained below the AFO 0耐 ringtemperature T!t> the main conclusion in the present paper is 
not changed. The Hamiltonian used in白epresent calculation is as follows. 
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1l= 旬。ct( 7ìβ)+ 勾Q+ 旬。ct(T~..)+ 1lex +冗Zeeman

九州β)= -Ks L Ts{i)・勾(j)，
1) 

(4.1a) 

(4.1b) 

1lQ = -KQ乞 [O.，y{i)・O.，y(j)+ Oyz{i) . Oyz(j) + Ozz (i) . Ozz (j)]， (4.lc) 

旬。叩叩)=-K吋 z乞 T.，yz(i)・T勾 z(j)， (4.1d) 
I} 

1lex =ーん乞J(i)・J(j). (4.le) 
1) 

In the present calculation， we chose the magnitude ofthe interactions as foIIows. As for Ks' we chose it so 

as to reproduce 1'.ム=1.7 K， w泊hi油chiおst悦he凶蜘ns鼠凶凶刷s討副i江凶t“伽iぬOI叩n附1
1百T百lemag伊nt加tt旬ud加e白soft批het伽ran加加nsi副tio叩nt旬em岬pe悶rat町u町l汀rre白ss叩u即chaおs1:九Q=O.5K凡，T:'おzrz」=司1K，a叩n叫d1i勾N=斗1Kslぬ伽h加10wnin the present 
paper represent those of the O.，y-AFQ， T.，yz-AFO， and Jex interactions when they exhibit the LRO indepen・
dentlぁrespectiveIぁTheratio α= TQ/T:~z=1.2 is fixed in aII the cases wl町 'ethe O.，y-AFQ and T.，yz-AFO 
interactions coexist 

4.2 Magnetic phase diagrams (乃 +TQ + Txyz) 
First， we show the magnetic phase diagrams obtained for the cases in which severaI multipole interactions 
coexist. Figure 4.1 shows the calculated results of the magnetic phase diagram. Hereafter， we refer to the O.，y-
AFQ and paramagnetic phasesωph蹴 11and 1， respectively. In the case (i) where TQ=O K， the pure Ts-AFO 

order takes place at 1'.ム=1.7K. In the case (ii) where TQ=O.5 K，出eTs-AFO order takes place and the criticaI 
field from the Ts-AFO phase to the paramagnetic phase is sIightly enhanced. In the case (iii) where TQ=1.2 
K， phase 11 appears in白efinite magnetic fields， whiIe the ground state is the Ts-AFO ordered phase. This 
magnetic phase diagram is simiIar to that of Ceo. 7 Lao.3B6.百le仕組sitionbetween the Ts-AFO and 11 phases 

is that ofthe first order， and the magnetization M exhibits a discontinuousjump. In the case (iv) where TQ=1.5 

Fig.4.1 Magnetic p凶h蹴a

8 
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Fig.4.2 

K， the勾-AFOphase is reduced and the phase II region expan也 markedly.百lismagnetic ph蹴 diagramis 

similar to白atof CeO.7sLao.2SB6 expect for the existence of AF magnetic phase III in血elatter. The ground 

state is血eO"，y-AFQ order， and TQ increases with increasing magnetic field up to 3 T due to the coexistence 
of批 O"，y-AFQorder and the T"，yz-AFO interaction. The Ts-AFO phase exists in a narrow temperature region 

between 1.2 K and 1.7 K and below 0.6 T. By applying the magnetic field，白eeffective ferromagnetic interaction 

caused by血ecoexistence of the O"，y-AFQ and T"，yz-AFO interactions overcomes the Ts-AFO phase with a 

small magnetization.百lesimi防ityofthe magnetic phase diagrams between calculated cases ((iii)， (iv)) and 
Ce"，Lal_"，B6(X=0.7， 0.75)， may provide some clues to understanding the physics ofCe"，Lal_"，B6， although in 

the present calculation， the AF magnetic phase is not considered. Thus，ぉぬrぉthemagnetic thase diagram is 

concemed， the calculation seems to reproduce the real magnetic phase diagram ofCe"Lal_"，B6・However，as it 
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will be shown below， there exists a large di筒cultlyto reproduce the magnetic properties in phase IV. 
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Fig. 4.5 Temper百tured叩endenceof the calculated energy 
levels at H=O. (a)乃=1.7K. and TQ=O K， and 
(b)乃=1.7K. a:吋TQ=O.7SK. The results corre-
spond to出osein Fig.2 (a). 

Fig. 4.4 Calculated resul箇of(a)臼mpera知red叩enden∞
0ぱfMa副tH=O.S T飢d(b刷b防)r町magr伊le仰IICP凶haおsedia-
grarr町凶I
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4.3 E汗ectof the Oxy-AFQ interaction on the 勾ーAFOorder 

Here， we show the e能 ctofthe O，"y-AFQ interaction on the Tp-AFO order. Fi伊re4.2 (a) shows the calculated 
results of the T dependence of M at H=0.2 T along the (001) direction. Figures 2(b) and 2(c) show the T 

dependence of (乃)ωforTQ=l K. 0.5 K， and 0 K and (O，"y)ω((Oyz)ω， (Ozz)ω) for TQ=l K in H=0.2 T， 
resp田tiv均'.As is shown in Fig. 4.2 (a)，白epe北 ofM atTム=1.7K即 idlydisappears when the 0吋・AFQ

interaction is in位oducedand increases with decreasing tempera旬refor TQ ~ 0.5 K. However， in all the cases 

forTQ壬1K. the ground state is出eTp-AFO phase in H=O田 isshown in Fig. 4.2 (b). The magnitude of 
(む)ωisreduced from that without山 O，"y-AFQinteraction as is shown in Fig. 4.2 (b). On恥 otherhand， 
as for the quaむupolemoments， the 0吋 momentexhibits the FQ order but the AFQ component is induced for 
出eOyz and Ozz moments as is shown in Fig. 4.2 (c). We note白atwhen the magnetic field is applied along 

the general direction against the crystal axis， the AFQ components ofall the O，"y， Oyz， and Oz:z: operators are 

induced. 
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4.4 Case of巧=1.7KTQ=1K and T:~z=0.8K for H 11 [001] 
Next， we show the T and H dependence ofthe multipole moments for TQ=lK and T:!tZ=0.8K for H 11 (001). 
Figure 4.3(a) shows the magnetic phase diagram. Figures 4.3(b) and (c) show the T or H dependence of M， 

respectively. Figures 4.3(d)お)，(f)show the H dependence of (勾)av，(T.，yz)ωand (O.，y)av， respectively. 
The ground state is the Ts-AFO ordered phase and phase II exists at finiie magnetic fields. At H=lT， a large 

discontinuous jump appears at the仕ansitiontemperature， Tβー11，while a monotonous increase is obtained below 

Tfct at H=O.5T. TI 

(7勾初h凶)μα削旬 】h加lasおsa白命伽制n凶li耐t飽emag伊ni加uωtud吋d白eint白he7勾hト-AFOp仲ha蹴s託eb凶u凶I此tis z口zeぽeroi泊n吋P仲ha蹴s鈎e11. In旬l叩p凶lace久，(仇T九z吋官μzふ山)avand (ρ0.，勾y)ω have 
白fini恥t旬ev叫alu附eωsi泊nphase II. In the Ts-AFO phase， (T.，yふ旬=0but (O.，y)av has finite values ofthe FQ moment as 
is seen in Fig.4.3 (e). 

4.5 E仔ectof the AF exchange interaction on the 勾ーAFOphase 
Next， we show the effect ofthe AF exchange interaction on the Ts-AFO phase. Figure 4.4 (a吟)shows the T 
d白ep戸en凶de叩nc閃eoぱfMa剖tH=吋0.5Tal山lor昭 t白he[001] direction for TN=O， 0.5 K， and 1 K. Here， Tfct=1.7 K， TQ=1 K， 

and T:!tz=0.8 K. M is reduced in all 伽 phases of~β ・AFO phase， phase II， and phase 1， b防Yi泊n甘伽od伽u山ci旬n昭gt白he E 
AFe飢xchar暇 i凶n附附t句era削acは凶仰“ωion.However， the increase in M below Tfct remains， and the peak of M at T.ムdoes not 
appear. Figure 4.4 (b) shows the magnetic phase diagram for the above three cases ofTN=O K， 0.5 K， and 1 K. 
The critical fields Hβーnand HII-1 are enhanced by i附 oducingthe AF exchange interaction， while T.ム=1.7
K at H =0 is not changed. 

We examined the effect ofthe O.，y-AFQ and T.，yz-AFO interactions on the magnetic anisotropy in白eTs-
AFO phase. The calculation was performed in the single domain with伽 easy蹴 isalong伽 [111]direction. 

百eapplied magnetic field is along白 [001]，[11叫， [111]， [110]， and [11司directions.An increase in X below 
Tムisobserved in all the cases， and the magne恥 anisotropyasin the case ofthe pure Ts -AFO phase continues 
to exist. This may originate企omthe fact that the e貸出tiveferromagnetic interaction caused by the coexistence 

ofthe 0時・AFQand T"，yz-AFO interactions is nearly isotropic. 

4.6 Reason for disappearance of the peak 

The reason why the peak disappears when the O.，y-AFQ interaction is introduced is explained as follows. M in 
the Ts-AFO phase without any otl町 II附 actionexhibits a peak at T.ム=1.7K. However， this peak disappears 
easily when the 0町・AFQinteraction is in仕oduced，and with increasing the strength ofthe O"，y-AFQ interac-
tion， M becomes to show the increase with decreasing temperature， which is pronounced when the 0吋・AFQ
interaction is large. 

百leincrease in M wi白 decreasingtemperaωre in the Ts-AFO phase is explained as follows. In the pure 

Ts-AFO phase， the ground state is a nonmagnetic singlet but has an 0吋・FQmoment. In such a situation， the 
O吋・AFQinteraction should compete with白eO吋・FQmoment. Figures 4.5 (a) and 4.5 (b) show the calculated 

results of the temperature dependence of the energy levels for (a) ~β=1.7 K and TQ=O K， and (b)勾=1.7K 
and TQ=0.75 K at H=O， respectively. By introducing the O"，y-AFQ interaction， the tempera旬redependence 

of the energy levels becomes asymme仕ic，and the energy difference between the ground state and the doubly 
degenerate magnetic fiTSt excited states is reduced. This reduction of the energy level splitting enhances the 

Van-Vleck-type paramagnetism below TIV -1. 

As described above， it is revealed that it is difficult to explain the overall features of Ce"，Lal_"，B6 by intro・
ducing血eother interactions which is not taken into account in白eTs-AFO model. 



Chapter 5 

Experimental Results 

5.1 Ceo.7NdyLao.3-yB6 (x = 0.7) 

Before performing the experiments， we considered位lefollow-
ing two possible behaviors of χfor the rare-eartlt magnetic ion 

doped CeO.7Lao.3B6・

(i) AF magnetic phase is realized in phase IV. 

The magnetic impurity may contribute to the long range 

magnetic ordering. The tempera知redependence of χ 

originating from the χょandχ11 may be observed. 

。i)~β・AFOordered phase is realized in phase IV. 

The Curie like magnetic susceptibility may be observed 

at low tempera旬reswell below TIV -1 because the mag-

netic impurity does not couple with a singlet ground state 

of山乃-AFOordering. 

5.1.1 Ceo.7Ndo.005 LaO.295 B6 

Figure 5.2 shows the temperaωre (T) dependence of M of 

χ 

(a) 

T 

Ceo.7Ndo・OOsLao.295B6for H 11 [001]. At H = 0.1 T， afterχ 
showing a peak at T '" 1.4 K， M shows a monotonous decrease 

with decreasing tempera旬re.The T dependence of M around 

at T '" 1.4 K is similar to出ataround at T1v-1 ofCeO.7Lao.3B6 

[53].百lisindicates that phase IV is realized below 1.4 K also in 

白epresent sample. However， at least down to 0.5 K below 1.4 
K， we could not observe the Curie-like behavior in the M -T 

curve.百lispeak of M due to the I-IV transition shifts slightly 

toward lower temperature with increasing magnetic field up to 

H '" 1 T. At H = 0.5 T， the increase of M is observed below 
T "，0.65 K. This is considered to be the 1平III回nsition.This 

increase of M is clearly observed at H = 0.7 T below T '" 0.95 
K. At H = 1.5 T， we could not observe a peak at TIV-I， but a 
kink due to the 1・II位ansitionat T '" 1.9 K. 

Figure 5.3 shows the magnetization curve of 

(b) 

T 

Fig. 5.1 Expected behavior of the magnetic sus-
ceptibility. (a) In the c唱seof where AF 
magnetic phase is realized in phase IV. 
(b) In the臨 eofwhere勾・AFOor-
dered phase is realized in phase IV. 

Ceo.7Ndo.oosLao.29SB6 for H 11 [001]. At T = 0.5 K， M increases linearly with increasing magnetic 

field up to H '" 0.4 T， which also indicates that the low magnetic field region below H '" 0.4 T is phase IV. 

With 白rtherincrease of magnetic field， M shows a discontinuous increase at H "，0.4 T accompanied with 

47 
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Magnetic fi eld dependence ofthe elec甘icalresistiv・
ity ofCeo.7Ndo.o05L句.295B6for H 11 [001]. 
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3.5 

Temperature dependence of the electrical陀sistivity
of Ceo. 7 Ndo.o05 L句.295B6for H 11 [001]. 
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Fig.S.4 

a hysteresis， which corresponds to the III-IV仕ansition.This discontinuous increase is considerably smaller 
than血elarge jump observed in CeO.7Lao.3B6 [53].百latis，白eferromagnetic (FM) component induced by a 

magnetic field in phase III is largely reduced by the Nd doping， although the FM component exists. At H "，4.3 
T， a kink is recognized， which corresponds to白eIII-II仕組sition.M shows a gradual increase in phase 11. At 
T '" 1.3 K， M increases Iinearly wi白increasingmagnetic field upωH "， 1.0 T and then shows ajump which 

originates合omthe 1平IIItransition. At H "，3.3 T， we observe a kink in the M -H curve which corresponds 

to the III-II住ansition.

Figure 5.4 shows伽 temperaturedependence of p ofCeO.7Ndo.oosLao.29SB6 for H 11 [001].百leelectrical 

current flows along the [001] direction. The origin of the vertical axis of p is shifted by 5μOcmin回 chcurve. 

For O<Hく0.5T， p exhibits a rapid decrease at T '" 1.4 K， which indicates the I-IV transition. At H =0.8 
T， the other anomaly appears at T '" 1.0 K. This anomaly originates from the 1平IIItransition， T~v -III. With 
increasing magnetic field， while TIV-I拘 htlydecreases， T~v-町ncreaseand∞incides with T1v _ 1 at H '" 1.1 
T and T '" 1.3 K. At H = 1.2 T， we observe two anomalies. The higher transition temperature rapidly shifts 
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to higher temperatures with increasing magnetic field， which corresponds to the I-II transition. On the other 

h叫 the I伽o側w削 'an凶副副蜘tio∞nt附t匂em附1
mag附 i比c自制eld.In the present experir 悶 1t，Tr  町 s recognized up to H ，....， 2.5 T. 
Figure 5.5 shows the H dependence ofρofCeO.7Ndo.oosLao.29SB6 for H 11 [001]. A small H dependence of 

p is observed at lower magnetic fields. At T ，....， 0.4 K，也esteep decrease accompanying with a small hysteresis 

is observed at H ，....， 0.4 T， which corresponds to the c出ical field fror 旬 haseIV tωo III， H~v 一斗I口山I
t旬emp凹era旬加re，H~v一III shi討i丘ftsslightly tωoh悩泊均ig曲h町erma昭gne附巴t恥i勾c自k制eld必s.In addition， a kink is recognized at H ，....， 4.2 
T and T = 0.4 K， which indicates the critical field from phase III to II， H~II一眠 H~II-I1 is also ob町 vedat 
T ，....，0.7 K and 1.0 K， and shifts to lower magnetic fields. 

5.1.2 Ceo.7Ndo.Q1 Lao.29B6 

Figure 5.6 shows the tempera制redependence of the specific heat of Ceo.7Ndo.OlLao.29B6 at zero magnetic 

自eld.The result ofCeO.7Lao.3B6 is also shown. A sharp peak is observed at T ，....， 1.4 K， which is quite similar 
to that of CeO.7Lao.3B6・Thisresult indicates that phase IV is realized below 1.4 K in仕lepresent sample. In 

addition， a broad shoulder is confirmed at T ，....， 1.0 K. As will be mentioned below，白isshoulder corresponds to 

the IV-III transition. 

Figure 5.7 shows the temp抑制redependence 0ぱfMofC白eO.7州Nd山o.訓 La匂0.29B恥6in t恥hefcおormoぱfM/H fc伽oぽrH11 | 

[伊001日].M shows a peak at 1.4 K and an increase below 0.8 K at H = 0.1 T. This result is very similar to that 
of CeO.7SLao.2SB6 [53]， and we conclude白紙in出epresent sample， three phases， i.e.， 1， IV， and III， exist at 
low magnetic fields. The present results indicate白紙theground state is easily changed企omphase IV to III 

by a small amount ofNd doping. Here， we explain the results at H = 0.1 T in detail. For H = 0.1 T， two 
M / H -T curves are drawn. One is obtained by decreasing the temperature at H = 0.1 T. The other is obtained 
by increasing the temperature after a magnetic field ofup to 1 T is applied and cooled down to H = 0.1 T at 
T = 0.5 K. Although M shows a peak at 1.4 K in both cases， different behaviors are observed below 0.8 K， 
depending on the above mentioned different measuring processes. In the latter process， M takes a large value 
below 0.8 K， while in the former， it is small. A large value of M below 0.8 K implies白at白eFM component 
is induced by the magnetic field in phase III. Although a similar behavior is also observed for H = 0.2 T and 
0.3 T，出edifference between the above two measuring processes becomes smal1er with increasing magnetic 
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Fig.5.6 Temperature dependence ofthe spec泊ch偲tofC匂.7Ndo.Ol Lao.29B6 and CeO.7 Lao.3B6 at zero magnetic fi eld. 



50 Chapter 5 Experimental ResuIts 

Ceo.7NdO.Ol LaO.29Bs 

0.6ト1・5Tーーーー--¥H 11 [001] 
1.0T ( 。

ι3 
ピ 0.4~ 0.3 T 

、句ユ圃国， 

工 I 0.2T 
‘崎、

202OO LL 01T 、ェ;
III IV I 

2 
T(K) 

Fig. 5.7 Temperature dependence of白emagnetization OfCeO.7Ndo.o1Lao.29B6 for H 11 [001]. The origin ofthe vertical 
axis of each curves is shifted soぉtosee it easily. 1¥vo curves are dr冨wnfor H == o. One is obtained by increasing 
the tempera旬reand the othぽ bydecreasing出etemperature. Refer to吐letext for details. 

field， which indicates the existence of a large hysteresis in白emagnetization curve at low magnetic fields. At 

H = 1.0 T， a cusp could not be observed but a rapid increase of M is observed at T '" 1.5 K， indicating the 
phase transition合omphase III. At H = 1.5 T， two anomalies are observed at T '" 2.1 K and T '" 1.6 K， which 
correspond to TQ and TN， respectively. 
Figure 5.8 shows the tempemture dependence of p ofCeO.7Ndo.01Lao.29Bs for H 11 [111]. Figure 5.9 shows 

白emagnetoresistance. Below H = 0.8 T， theρーTcurves showa clear kink at T1V-I '" 1.4 K，ぉobservedin 
Ceo.7Lao.3B6・[55]For H = 0， two p-T curves are dmwn. One is obtained by decreasing the tempemture at 
H = O. The other is obtained by increasing the tempem加reafter a magnetic field ofup to 1 T is applied and 
cooled down to H = O. Although p shows a cIear anomaly at 0.8 K in the latter， the anomaly is very small in 
the former. The origin of the di釘erencebetween the above two results is the sameぉ thatof the M -T curves 

at H = 0.1 T， as mentioned above. That is， a large hysteresis exists at low magnetic fields，出shownin Fig. 
5.9. In the initial run after zero field cooling， phase IV with a large value of p appears to coexist with phase 111. 
Hereafter， we refer to the phase where phases III and IV coexist as phase (I1I + IV). Nearly half of the sample 
belongs to phase III and the other half to phase IV. This indicates that phases III and IV are not compatible 

with each other and suggests that phase IV is not the magnetic dipole ordered phase. The other p-T curves are 

obtained by the measurement with decreasing tempem旬reat H = 0.1 T and 0.5 T. The decrease below 0.8 K 
for H = 0.5 T is very large. This implies that at H = 0.5 T， phase III and not phase (III + IV) is realized below 
0.8 K. In Fig. 5.8 ， two anomalies are recognized above 1.2 T. The anomaly at higher tempera制rescorresponds 
to the 1・11transition， and that at lower tempemtures to白eII-I1I甘ansition.The 11・IIItmnsition could be observed 
atH = 2.DT. 

5.1.3 Ceo.7Ndo.03Lao.27B6 

Figure 5.10 shows the tempem旬redependence of the specific heat of Ceo.7Ndo.03Lao.27B6. The result of 

CeO.7Lao.3B6 is also shown. Compa訂redw訓it白hthe results 0ぱfCe匂0.7仏仏La句0.3B6and Ce.句0.7Nd白0.01【

sample shows a enormously 1加a釘rg伊e如 ds由h釘的pp戸e回a北ka瓜tT '" 1.4 K. This indicates tぬha幻t白恥eenergy s刑pμ凶li凶伐耐in昭gbelow
白e 位住!加.an路凶s討sit江tiぬont旬emp戸em旬reis much larger tl白la如n血a幻toぱfCe句0.7La匂0.3B恥6叩 dCe匂0.7Nd山o.01La句O.却 B6' Thus， the large 

peak in the present sample is probably not due to the 1・IVtransition， butthe I-I1I仕ansition.
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Figure 5.11 shows the tempera旬redependence ofρofCeO.7Ndo.u3Lao.27B6 for H 11 [001]. The el即位ical
current flows along the [110] direction. The origin ofthe vertical axis of p is shifted by 5μ!lcm in each curves. 

At H = 0， p shows a rapid decrease at T "" 1.4 K.百lerapid decrease of p is recognized up to 0.7 T and shifts 
slightly to lower temperaωre with increasing magnetic field. The decreasing rate of p of the present sample is 

larger出an白atfor Ceo.7NdyLao.3B6 (y = 0，0.005 and 0.01) at TIV-I. This indicates that the rapid decrease 
of p originates from the 1・IIItransition. This result is consistent with that ofthe specific measurement as shown 

in Fig. 5.10. At H = 1.1 T， TQ and T~I-III are recognized. With increasing mag附 icfield up to 2.5T， T~I-III 
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Magnetic fi eld dependence of the electrical resistiv・
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Temperature d句endenceof出eelectrical resistiviてy
ofCeo.7Ndo.03Lao.27B6 for H 11 [001]. 
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Fig.5.I1 

shifts to higher temperatures. 

Figure 5.12 shows the H dependence ofρof Ceo.7Ndo.03Lao.27B6 for H 11 [001]. A kink is observed at 

T = 2.5 K and H '" 2.1 T.百lisanomaly is also observed at T '" 1.8 K. Considering the result ofCeB6， we 
concluded that these anomalies originate合omthe 1-I1 transition. On the other hand， at T = 1.5 K and 1.6 K， 
two anomalies are observed. The decreasing rate of p just above the critical field of these甘ansitionsis larger 

白anthat of the 1・IItransition at T = 2.5 K and l.8 K. This indicates that these anomalies probably originate 
企omtheI・IIItransition. At T = 1.4 K， the value of p at zero field becomes smaller血anthat at T = 1.5 K. This 
means that the zero magnetic field region at T = 1.4 K is phase III. An anomaly， which is observed at T = 1.4 
K and H '" 0.45 T， may be originate合omthe change of the domain distribution. 
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5.1.4 Ceo.7Ndo.osLao.2SB6 

Figure 5.13 shows the tempemture dependence of the specific heat of Ceo.7Ndo.osLao.2SB6・Theresult of 

CeO.7Lao.3B6 is also shown for comparison. A large and sharp peak is observed at T '" 1.4 K， which is quite 
similar to that of Ceo.7Ndo.03 Lao.27B6・Thus，the ground state of this compound is considered to be phase III. 
Fi伊re5.14 shows the tempemtilre dependence ofthe magnetization at H = 0.2 T and the magnetic field 
dependence ofthe magnetization at T = 0.5 K ofCeO.7Ndo.osLao.2SB6， respectively. With decreasing temper-
a知re，出eM・Tcurve exhibits a large increase below T '" 1.5K. On the other hand， in出eM・Hcurve， M shows 

a linear increase with increasing H up to H "" 3 T， which implies that the lower magnetic field region below 
H '" 3 T is白eAF magnetic phase. These results strongly suggest血atO"，y-AFQ ordering and T"，yz-AFO 

ordering coexist in phase III. 

Fi伊re5.15 shows白 tempemturedependence of p ofCeo. 7 Ndo.05Lao.2SB6 for H 11 [001]. The electrical cur-

rent flows along the [110] direction.τbe origin of the vertical砿 isof p is shifted by 5μOcm in each curves. At 
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Fig.5.17 Magnetic phase diagram ofCeo.7NむLao.3-yB6ω=0，0.005，0.01，0.03 and 0.05). 

出ezero magnetic field， a rapid decrease of p is recognized at T .-v 1.4K邸 wellas出atof Ceo. 7 Ndo.03 LaCl.27 B6， 
indicating the the I-III transition. Wi也increasingmagnetic field， T~-II1 shifts to higher tem抑制rres.With fur-

血erincrease ofmagnetic field up to H .-v 1.1T， two anomalies are observed. These two anomalies corresponds 
to TQ and T~I-II1， respectively. In仙 compou叫 ρshowsa smalljump at T~I-III a訂r01削o飢u叫Jr

百1由i包sbehavior is not observed i加nCe句0.7Nd白0ω.刀0ω3La句0.2幻7B恥6.

Figure 5.16 shows the H dependence ofρof eo.7Ndo.osLao.2SB6 for H 11 [001]. A kink is observed at 

T = 2.5 K， 1.8K and 1.6K in the low magnetic fields， which corresponds to出e1・11仕組sition.At T = 1.4K， 
there exists two anomalies at H .-v 0.35 T and 3.75 T. The anomaly at H .-v 3.75 T should be originate合om

the II-I1I transition， while the other anomaly at H .-v 0.35 T should be ascribed to the change of the domain 
dis甘ibution.

5.1.5 Magnetic phase diagram of Ceo.7NdyLao.3-yBド

Figure 5.17 shows the magnetic phase diagrarns ofCeO.7NdyLao.3-yB6 (y = 0，0.005，0.01，0.0ω3 and 0.05幻).
T百】lephase diagram for y = O.β.00∞05 i包ss討im凶iI耐a釘rtωot白:ha幻.toぱfCe句0.7仏La匂0ω.3B臥6[伊55勾]a叩pa副r託t企oma slightly smaller value of 
H: V 一斗11山I
i加nphase III iおsslightly enhanced. Only a slight increase in the Nd doping合omy = 0.005 to 0.01 changes the 

magnetic phase diagram from CeO.7Lao.3B6-type to CeO.7sLao.2SB6-type. [53] However， being different合om
白紙ofCeO.7sLao.2SB6，phase (III + IV) in Ceo・7Ndo.01L句.29B6exists at low magnetic fields. For y = 0.03， 
only phase III exists below 1.4 K. Here， it should be noted that the first order phase transition directly企omIII to 
1， which does not exist in Ce.，Lal-:rB6， exists at TN = 1.4 K for y = 0.03. A similar magnetic phase diagram 
is obtained for y = 0.05， where TN is also 1.4 K at H = O. Thus， the Nd doping rapidly suppresses phase IV 
and stabilizes phase III. The other phase boundaries， namely， III-II and 11・1，are not a民ctedas much by the Nd 
doping. 

5.2 CeO.65NdyLao.35-yB6 (x = 0.65) 

5.2.1 CeO.65Ndo.02Lao.33B6 

Figure 5.幻.1凶8and 5.19 sぬ】howt也heTandHd白eper凶enceofp 0ぱfCe句0.6
“
sNd白0ω.0ω2La匂0.33B6fi白orH11 [0∞01]， respectively. 

The origin ofthe vertical axis ofthe p -T curves is shifted by 5μ!1cm in each curve. At zero magnetic field， the 
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p -T curve shows a kink at T '" 1.3 K， which corresponds to the 1¥ん1transition. At H = 0.2 T， after showing 
the kink at TIV-I '" 1.3 K， the ρーTcurve exhibits a small decrease at T '" 0.45 K， which originates from the 
IV-III transition. This 1平III住ansitionis clearly observed at H = 0.5 T and 0.8 T. In白ep -H curve， a large 
hysteresis exists at low magnetic fields at T = 0.4 K. This indicates that the ground state ofthe present sample 
is the coexistent phases with phase IV and III， as is observed in Ceo.7Ndo.OlLao.29B6・BelowH = 1.2 K， the 
p -H curves show a small H dependence at low magnetic fields， which provides the evidence白紙phaseIV 
exists in the present sample. In the p -T curve at H = 1.5 T， two anomalies are observed at T '" 1.6 K and 
1.4 K， which correspond to TQ and TN， respectively. 
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Fig. 5.23 Magnetic fi eld dependence ofthe electrical resistiv・
ity ofCeo.65Ndo.05L句.3B6for H 11 [001). 

F町ig伊ure5.幻.2却Osh】howst白】heTd白ep戸endenc印eoぱfpoぱfCeO.6SNd白0ω.0ω3La句0.32B臥6fc白orH11 [0∞01]ト.Theo凶rigi加noぱft血hev刊er託凶t討i化cala:邸xiおs 
oぱfpiおss由hi泊白e吋dby5μ!lcαml泊neach curve. At zero magnetic field， two anomalies are observed at T '" 1.35 K and 
T '" 0.9 K. Wi白increasingmagnetic fields， the anomaly at T '" 1.35 K slightly shifts to lower tempera旬開，

and the anomaly at T '" 0.9 K shifts to higher tempera旬re.This T dependence of p is similar to that of 

CeO.7sLao.2SB6 at low magnetic fields [30]， and thus the anomalies at T '" 1.35 K and T '" 0.9 K coπespond 
to the I-IV and the 1平III仕組sition，respectively. At H = 1.5 T， TQ and TN are recognized at T '" 1.65 K and 
T '" 1.5 K， respectivel弘司leanomaly ofTN could be observed up to H = 3.0 T. 
Figure 5.21 shows the H dependence of p ofCeO.6SNdo.03Lao.32B6 for H 11 [001]. Below T = 0.7 K， a 
hysteresis also exists at low magnetic fields. However， The hysteresis in白epresent sample is much smaller 
than白atin Ceo.7Ndo.01Lao.29B6 and Ceo.6sNdo.02Lao.33B6 originating企om白ecoexistence with phase IV 

and phase III. Thus， these behaviors of p at low magnetic fields are probably ascribed to the change of the 

domain dis住ibution.At T = 1.1 K， a small H dependence is observed below H '" 0.6 T， which indicates the 
existence of phase IV. At T = 1.4 K，ρalso shows a small H dependence at low magnetic fields and a steep 
decrease at H '" 1.2 T， which cor問spondsto白eI-II transition. Below T = 1.1 K， a small anomaly originating 
合omH~II-II is barely recognized at high magnetic fields. 

5.2.3 Ceo.6sNdo.osLao.3B6 

Figure 5.22 shows theρ-T curves of Ceo.6sNdo.os同点6for H 11 [001]. The origin of印刷icalaxis of 

p is shifted by 5μf!cm in each curve. At zero magnetic field， p shows a rapid decrease at T '" 1.35 K with 
decreasing temperature. The rapid decrease of p was also found in Ceo.7Ndo.03Lao.27B6 and thus this anomaly 

is ascribed to the I-III transition. The 1・IIItransition shifts to higher temperatures with increasing H up to 

H = 1.5 T. For H = 2.0 T， two kinks訂erecognized， which corresponds to TQ and TN， respectively. 
Figure 5.22 shows the p -H curves ofCeO.6SNdo.osLao点 6for H 11 [001]. Below T = 1.1 K， P decreases 
with increasing H， which indicates白紙phaseIV disappears and only phase III exists at low magnetic fields. 

The small anomalies below H '" 0.3 T may originate合'omthe change of the domain dis凶bution.At high 
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Fig.5.24 Magnetic phase diagram ofCeo.6~Ndy LaO.3~-yB6 (官=0，0.02，0.03 and 0.05). 

magnetic fields， H~IIー11 is barely recognized. At T = 1.8 K， p exl曲itsa small H dependence below H '" 1.5 

T and a steep decrease at H '" 1.5 T， which corresponds to the 1-11 transition. 

5.2.4 Magnetic phase diagram of Ce向0.6白5Nd古Lao.お一寸官B6

Figure 5.24 shows the magnetic phase diagrams of CeO.6SN九Lao.35-yB6(y = 0， 0.02， 0.03， and 0.05) for 
H 11 [001] obtained from恥 electricalresistivity measurement. The overall features are simil釘 tothose of 

Ceo.7NdyLao.3-yB6' That is， phase IV is rapidly suppressed and phase III is stabilized by a small amount of 

Nd doping. For y = 0.02， the ground state becomes phase (IV+III) as observed in Ceo.7Ndo.01Lao.29B6・For
y = 0.03， phase III becomes the ground state and phase IV exists in a narrow region between 0.9 K and 1.35 

K at the zero magnetic field. It should be noted that the transition temperature fro叫 hasellandIII，TAMIIis 
almost the same tempera旬reas TI-IV. With increasing the Nd concen甘ation企omy = 0.03 to y = 0.05， phase 
IV disappears and only phase III exists at lower temperaωres. At TN = 1.35 K，仕leI-III boundary is observed 
as well as in Ceo.7Ndo.03Lao.27B6・

5.3 Ceo.6NdyLao.4_yB6 (x = 0.6) 

5.3.1 The ground state of Ceo.6NdyLao.4_yB6 

Figure 5.25 (a) shows the T dependen田 ofC of Ceo.6NdyLao.4-yB6 (y = 0， 0.05， 0.06 and 0.08) at zero 
magnetic field. For y = 0， a peak corresponding to the phase transition合om1 to IV is observed at T '" 0.9 K. 
C of y = 0.05 also shows the peak at T '" 1.1 K， which is probably due to白eI・IVtransition. For y = 0.06， 
two sharp peaks are observed at T '" 1.4 K and T '" 0.85 K， respectively. By analogy with the Nd doping effect 
for x = 0.7， one might consider白紙 thesepeaks originate企omthe 1・IVand IV-III transition， respectively. 
However， the anomaly at仕ibutedto白eIV・III.transition is very small as shown in Fig. 5ムincontrast to白e
sharp peak of y = 0.06 at T '" 0.85 K. This indicates白at白epeak of the lower tempera旬resfor y = 0.06 
originates not合om出e1¥んIII回nsitionbut the other phase位ansition.

Figure 5.25 (b) shows the T dependence of M ofCeO.6Ndo.06Lao.34B6 in the form MjH at H = 0.1 T for 
H 11 [001]. Asmentionedbefore， M ofCezLal_"，B6 showsacusp atTlv-I・Inthe present SaI叩le，however， the 
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(a) Temper百turedependence of白especifi c h回.tofC句.6NdyLao.4-yB6(y = 0，0.05，0.06 and 0.08) at zero 
magnetic fi eld The origin of白evertical axis of C is shifted by 2 JIR-mol K in eachαJrVe. (b) Temperature 
dependence of師 magnetizationofCeo.6Ndo.06LaO.34B6 for H 11 [001] at H = 0.1 T. (c) Thennal expansion 
ofCeO.6Ndo.lLao.3B6 along the伊01]direction at H = O.百leresult OfCeO.6Ndo.4B6 is also shown. 
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Fig. 5.25 

cusp could oot be observed but a temperature depeodence becomes weak below T '" 1.5 K down to T '" 1.1 K. 

These results strongly suggest that there is no phase 1V in Ceo.6Ndo.06Lao.34B6. Here， we note that the behavior 

of M ofCeO.6Ndo.06Lao.34B6 is quite similar to白紙ofCe.，Nd1_.，B6(0.7三z壬0.8)in phase V. Here， phase 
V is the incommensurate AF order. Since the peak of C ofCe.，Nd1_.，B6 originating仕omthe V-III transition is 
very sharp， the results of C of Ceo.6Ndo.06Lao.34B6 are consistent with the presumption白atthe sharp peak at 
T '" 0.85 K is due to the平IIItransition. 

1n Fig. 5.25 (c)， we show the thermal expansion of Ceo.6Ndo.l Lao.3B6 along the [001] direction at H = O. 
A shrinkage of白e[001] direction is observed below T '" 2.0 K， which is similar to白atof Ceo.6Ndo.4B6 
below the 1-V釘叩sitiontempera町 e，as shown in Fig. 5.25 (c).百isresult of ll.l / 1 con回 dictsthe result of 
CeO.仏ao.3B6where the elongation ofthe [001] direction is observed belowTIV_I [57]. 

Thus， we conclude仕1atphase 1V suddenly disappears and phase V appears by Nd 6% doping. 

CeO.6 Ndo.05 LaO.35 86 

F日ig伊ure5.2却6s由howst白heTd白ep伊en凶1吋de叩nc印eofCoぱfCe句o.6Nd向0ω.0邸5La句0.35B臥6un江mde町rva副riou凶I応smag伊n沼削et剖t“i旬c自eld也sf1おorH 11 [刊0∞01り].
As shown in Fig. 5.25， C at H = 0 shows a peak at T '" 1.1 K， which ∞rresponds to the 1-IV transition. 
The peak temperature of C is slightly higher白anTIV-I '" 0.9 K OfCeo.6Lao.4B6・Thispeak is also observed 

up to H = 0.8 T. At H = 1.2 T， two peaks are observed at T '" 1.1 K and '" 0.8 K， which correspond to 
白e1-IV and 1V-III仕'ansition，respectively. 1n magnetic fields between H = 1.5 T and 2.0 T， C shows a sharp 
peak originating from the phase仕組sitionto phase III. With increasing H up to H = 3.5 T， TQ and TN are 
recognized at T '" 2.0 K and '" 1.05 K， respectively. At H = 6.0 T， a large peak is observed at T '" 2.9 K， 
which corresponds to the 1・IItransition. 

Figures 5.27 and 5.28 show血eTandHd叩endenceof p ofCeO.6Ndo.05L句.35B6for H 11 [001]， rl回pectively.

The overall features of p-T curve below H '" 1.0 T are similarto those OfCeO.6Lao.4B6・[50]Sinceit is di節cult

ωfind the 1・IVtransition仕omthe p-T curve， we determine the transition temperaωres at low magnetic fields 

5.3.2 



5.3 Ceo.6Nd首LaO.4ー官B6(x = 0.6) 

by using the result of C. In the low magnetic fields， the p-H curve shows the H independent and has a large 
hysteresis below T = 1.0 K， which indicates the existence ofphase IV at low magnetic fields. Above T = 1.3 
K， the p-H curve also shows the small H independence at low magnetic fields and a steep decrease around 2.0 

T， although a hysteresis could not be observed in the p-H curve. This result indicates that the steep decrease 

ofρabove T = 1.3 K originates from the 1-11 transition. 
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Fiμ.29 Tempe剛JrCdependence of the specifi c heat of C句.6Ndo.06LaO.34B6under加。凶 magneticfi elds for H 11 
[001). The origin ofthe vertical axis ofeach curve in magnetic fi elds is shifted soぉtosee it伺sily.
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Flg. 5.30 Temperature dependence of白emagnetization of 
C句.6Ndo.06Lao.34B6in the form of M/ H for 
HII[∞1). The origin of the ver首ca1剖sofeach 
C町vein magnetic fi elds is shifted so as to see it 
easily. 
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Fig. 5.31 Magnetization curve ofCeo.6Ndo.06Lao.34B6 for 
HII[OOl). 

Figure 5.29 shows the T d叩endenceof C of CeO.6 N do.06 Lao.34 B6 under various magnetic fie¥ds for H 11 [001]. 

At H = 0， two peaks are observed at T -1.4 K and -0.8 K as shown in Fig. 5.25 (a). These peaks are 
correspond to the I-V and the平IIItransition， respective¥y. With increasing H up to 0.8 T，白epeak at Ty-m 
shifts to higher tempera知resand becomes sharper whiIe the peak at Ty -1 slightly shifts to ¥ower temperaωres. 
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Fig. 5.32 Temperature dependence ofthe e1ectrica1 resistivity 
。fCeo.6Ndo.06Lao.34B6for H 11 [001]. 

Fig. 5.33 Magnetic fi e1d dependence of血ee1ectrica1 resistiv・
ity ofCeo.6Ndo.06Lao.34B6 for H 11 [001]. 

In magnetic fields between H = 1.1 T and 1.5 T， C shows a sharp and large peak， which originates from the 
phase transition to phase III. With further increasing H， C exhibits two peaks at H = 2.5 T and 3.5 T， which 
correspond to TQ and TN， respectively. TQ is also observed at H = 6.0 T and T '" 3.3 K. This peak temperaωre 
is slightly higher than that for y = 0.05 at H = 6.0 T. 
Figure 5.30 shows the T dependence of M ofCeO.6Ndo.06L句.34B6in the form of M / H for H 11 [001]. At 

H = 0.1 T， a small H dependence is observed between T '" 1.4 K and '" 1.0 K， which originates form the 
平III回nsitionas shown in Fig. 5.25 (b). This small H dependence of M is barely recognized up to H '" 0.8 

T. At H = 1.1 T， M shows a rapid increase at T '" 1.35 K with decreasing T， which means白紙thesystem 
enters into phase III below T '" 1.35 K. Above H = 1.5 T， TQ and TN are recognized. 
Figure 5.31 shows the M-H curve ofCeO.6Ndo.06Lao.34B6 for H 11 [001]. At T = 0.4必5K， a c∞o叩n町ve侃x 
cα叩u町1汀rvatureiおis0ωo油b鈴町rvedi加n吋p凶haseIII and t悦heIII-II 仕凶阿ar叩n凶l

shows a increas巴line狗ea訂rtωoH below H '" 0.5出5T and a rapid i泊ncαre伺as鈎ewith a small hysteresis above H '" 0.55 T. 

This anomaly of M is due to the V-III transition. With increasing H， M at T = 1.0 K shows a convex curvature 
and a kink at H~II-II '" 4.4 T. 

Figure 5.32 shows the T dependence of p ofCeO.6Ndo.06Lao.34B6 for H 11 [001]. At H = 0，ρshows a linear 
decrease with decreasing T below TY-I '" 1.4 K and a rapid decrease at TY-m '" 0.75 K. With increasing H， 
the anomaly at TY_1 slightly shifts to lower temperatures and白atat TY-III shifts to higher temperatures. At 

H = 1.5 T， these anomalies appear to coincide with each other at T '" 1.4 K where p exhibits a steep decrease. 
With further increase of H， the anomalies at TQ and TN釘erecognized at H = 2.0 T and 3.0 T. Above H = 4.0 
T， the anomaly at TN is difficult to see but白alat TQ is clearly observed. 
Figure 5.33 shows白eH dependence ofρofCeO.6Ndo.06Lao.34B6 for H 11 [001]. Above T = 0.9 K， a 
small H dependence is observed at Iow magnetic fields. Although these behaviors of p are associated with 

the existence of phase IV，白ep-H curve in phase V ofCe"，Nd1-"，B6 also shows a small H dependence [43]. 

Thus， we consider that the small H dependence in the present sample originates企om白eexistence of phase V 

at low magnetic fields. With increasing H， after showing the small H dependence， p shows a steep decrease 
accompanied with a large hysteresis， which originates from the V-II1仕ansition.At T = 0.4 K， there exists the 
anomaly at low magnetic fields， which is pro 
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5.3.4 Ceo.6Ndo.07Lao.33B6 

Figures 5.34 and 5.35 show the T and H dependence of p ofCeO.6Ndo.07Lao.33B6 for H 11 [001]， respectively. 
The overal1 features of the p-T and ρ-H curve are quite simi1ar to those for y = 0.06. Below H = 1.2 
T， two anomalies are observed in the p-T curve， which correspond to TV-I and TV-III. respectively. These 
two transition旬mpera飢resare higher白anthose for y = 0.06. In the p-H curve， a smal1 H dependence is 
observed at low magnetic fields between T == 1.1 K and 1.4 K. The decreasing rate ofρin phase V is higher 
than that for y = 0.06. At T = 0.4 K， H~II-II is barely recognized at H '" 4.5 T. 
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Fig.5.37 Temperature dependence ofthe e1ec凶ca1resistivity 
ofCeo.6Ndo.osL句.3286for H 11 [001]. 

Fig. 5.38 Magnetic fi e1d dependence ofthe e1ec凶ω1resistiv・
ity ofCeo.6Ndo.osLao.3286 for H 11 [001]. 

5.3.5 Ceo.6Ndo.osLao.32B6 

Figure 5.36 shows the T dependence of C ofCeO.6Ndo.osL句.32B6undervarious magnetic fields for H 11 [001]. 

At H = 0， two peaks are observed at TV-I '" 1.65 K and TV-III '" 1.0 K. With increasing H up to H = 1.0 

T， while白epeak at TV-I slightly shifts to lower tempera旬res，the peak at Tv -111 shifts to higher tempera旬res
and becomes sharper as well as the result of C for y = 0.06. At H = 2.5 T， C shows two peaks at TQ '" 2.0 
K and TN '" 1.6 K.百lesetransition tempera知resare also recognized at H = 3.5 T. At H = 6.0 T， a peak is 
observed at TQ '" 3.35 K， which is slightly higher than出atfor y = 0.06. 
Figure 5.37 and 5.38 show the T and H dependence of p ofCeO.6Ndo.osL句.32B6for H 11 [001]. AtH = 0， 
theρ一Tcurve shows a kink at TV-I '" 1.65 K and a rapid decrease at TV-III '" 1.1 K. These anomalies are 
also observed up to H = 1.2 T. In the ρ-H curve， p shows a decrease with increasing H below T = 1.1 K and 
T = 1.5 K， p shows a small H dependence below H~ -111 '" 1.2 K. 

5.3.6 Ceo.6Ndo.1Lao.3B6 

Figure 5.39 shows the T dependence of M of Ceo.6Ndo.1Lao.3B6 in白eform of MjH for H 11 [001]. At 

H = 0.1 T， M is independent of temperature below Tv _1 '" 2.0 K， which is also observed for y = 0.06. At 
H = 0.5 T， after showing a small tempera旬reindependence， M shows an increase below T '" 1.5 K with 
decreasing temperature， which indicates the sign of the en仕組ceinto phase 111. This increase of M is clearly 
observed at H = 1.0 T. With increasing H up to 1.5 T， the kink originating企omthe I-V transition disappears 
and a steep increase is observed at T '" 1.5 K. At H = 4.0 T， M shows a kink at TQ '" 2.8 K. The kink at TQ 
is also observed at H = 6.0 T. On the other hand， it is difficult to see the 11・III甘'ansitionabove H = 4.0 T. 
Figure 5.40 shows the M -H curve OfCeO.6Ndo.1Lao.3B6 for H 11 [001]. At T = 1.4 K， two anomalies are 
observed at H~-III '" 0.7布5TaI吋 H!II-II "， 4.7 工T百百3五1巴M-Hc叩u町町rv巴a幻tT= 1.7 Kals切s叩osl由蜘h加10W附sa叩na叩n附1

. H '" 1.8 T. Wi抽白i町n即1おc悶 sin昭gt匂e叩Iロm叩lp戸erat加u町rreu叩ptωoT= 2.2K， t白he1-11 t位ran叩n凶1
F日ig伊ur閃e5.4引1却 d5丘5.4但2show the T a釦ndHdep戸en吋de叩nc印eoぱfp ofCe向o.6Nd白0.1ιLa匂O.3B恥6for H 11 [伊0∞01円].AtH = 0， 
the p-T curve shows a kink at TV-I '" 2.0 K. Wi白increasingH up to 1.5 T， the kink at Tv _1 slightly shifts 
to higher temperatures. At H = 1.0 T， the p-T. curve exhibits a rapid decrease at TV-III '" 1.5 K. This rapid 
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ity ofCeo.6Ndo.lLao.3B6 for H 11 [001]. 

decrease at Tv-m is also observed at H = 1.5 T. In magnetic fields between 2.5 T and 3.0 T， two anomalies 
are observed in白eρーTcurve at TQ and TN. The anomaly at TQ is also recognized at H = 4.0 T and 6.0 T. In 
all the p-H curves， a small H dependence is ob町 vedat low magnetic fields. The anomaly at H~II-II could 
not be recognized in也epresent experiment. 



5.3 C匂.6Nd百LaO.4-yB6(x = 0.6) 

5.3.7 Magnetic phase diagram of Ceo.6NdyLao.4_yB6 

Figure 5.43 shows the magnetic phase diagrams of CeO.6NιLao.4-yB6 (y = 0， 0.05， 0.06， 0.07， 0.08 and 0.1) 
for H 11 [001] obtained合omthe present results. For y = 0.05， although the magnetic phase diagram is simi1ar 
to that for y = 0， there are some difference between y = 0 and y = 0.05. The region of phase III expands， 
whi1e that of phase IV is narrows and slight1y shifts to higher tempem旬res.On the other hand， TQ at finite 

magnetic fields is not varied so much by Nd doping. With increasing the Nd concen位以ion仕omy = 0.05 to 
y = 0.06， a remarkable change appears in the low magnetic region. Phase IV suddenly disappears and phase V 
newly appears at low temperaωres and low magnetic fields between phase 1 and III. Phase III f也氏herexpands 

in comparison with that of y = 0.05. TQ at finite magnetic fields is slight1y enhanced by Nd 6% doping. With 

further increase of y up to 0.1， phase III is further stabi1ized and the region of phase V slight1y shifts to higher 
tempemtures. 
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Fig. 5.43 Magnetic phぉediagram of Ceo.6NdνLao.←IfB6 (y = 0，0.05，0.06，0.07，0.08 and 0.1) for H 11 [001]. The phase 
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5.4 Ceo.5RyL80.5-yB6 (x = 0.5) 

5.4.1 Ceo.5Ndo.lLao.4B6 

Figure 5.44 shows the T dependence of C ofCeO.5Ndo.lL句.4B6in magnetic fields along the [001] direction. 

The result of Ceo.5Lao.5B6 at H = 0 is also shown. A broad peak is s"een at T '" 0.8 K in CeO.5Lao.5B6， 
which clearly indicates the existence of the LRO below T '" 0.8 K. The present result of a rapid decrease 

of C below '" 0.8 K is very di任erent仕"omthe result of CeO.25Lao.75B6. In Ceo.25Lao.75B6， C shows very 

broad maximum at '" 1 K [73] but does not show a rapid decrease出 isobserved in CeO.5Lao.5B6' In this 

compound， a peak ofX is seen at T '" 0.7 K [74]， not a small softening of C44 below T '" 1.0 K [75] which 
has never observed in CeO.25Lao.75B6 and a small magnetoresistance below T '" 0.8 K. From these resuIts， 

we conclude that phase IV is realized below TIV-I '" 0.8 K in Ceo.5Lao.5B6' In Ceo.5Ndo.lLao.4B6， a very 
sharp peak is seen at T '" 1.2 K in place ofa broad maximum in CeO.5Lao.5B6. The origin of白emaximum 

or peak of C in these two samples is considered to be the same by considering that the peak temperature 

increases continuously wi白increasingR-doping in Ceo.4(NdyLal-首)0・6B6and Ceo.5(PryLal-y)O.5B6 which 

wil1 be shown later. Furthermore， the results of the magnetization and magnetoresistance which wil1 be shown 
below also exhibit the characteristic properties in phase IV. Thus， we conclude白atalso in Ceo.5Ndo.lLao.4B6 
phase IV is realized below TIV-I '" 1.2 K. Tlv-I '" 1.2K is higher than TIV-I "，0.9 K for x = 0.6 and ne訂ly
the same as TIV-I '" 1.3 K for x = 0.65.百lefact that a peak at Tlv -1 is sharp indicates that phase IV is well 
defined in the present sample. With increasing magnetic field up to 2 T， a sharp peak of C at H = 0 becomes 
broad and the peak temperature is reduced and above H = 3.5 T a peak of C is replaced by a sharp and large 
peakatTQ・Inmagnetic fields between 2 T and 3.5 T，白eIII・11phase transition is recognized. 

Figure 5.45 shows the T dependence of M of Ceo.5Ndo.lLao点 6in出eform of MjH for H 11 [001]. 

M/H at H = 0.1 T shows a peak at Tlv-I '" 1.3 K. The peak temperature ofthe magnetic susceptibility 
in CeO.5Lao.5BIl is '" 0.7 K. With increasing magnetic field up to 2 T， a kink becomes broad and the kink 

temperaωre shifts to lower temperaωre down to T '" 1.1 K and the anomaly at T '" 1.1 K is sharper than白紙
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at TIV-I in Ceo.5Lao.5B6 [53] .百leseobservations are consistent with the results of C. Between H = 1.5 T 
and 2 T， two anomalies are seen in白eM / H -T curve. The anomaly at higher temperature corresponds to 

TIV-I and血atat lower temperature to the III.IV phase boundary. At H = 2.5 T， one anomaly is observed at 
T = 1 K and at H = 3 T， TN ̂' 1 K and TQ ̂' 1.4 K釘erecognized. 
Fi伊 re5.46 shows批 M -H and dM / d:r -H curves of Ceoボ do.lL句点6for H 11 [001]. That of 
C匂.5Lao.5B6at T = 40 mK is also shown [53].百leM -H curve ofCeO.5Ndo.lLao.4B6 shows two anomalies 
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Fig. 5.49 Temperature dependence of 出especifi c heat of 
Ceo.5 PrO.l Lao.4B6 under various magnetic fi elds for 
H 11 [001].百leorigin of出evertical axis of each curve in 
magnetic fi e1ds is shifted so asωsee it easily. 

at H~V-III '" 1.5 T and H~II-II '" 4.5 T ， which are clea均 seenin the dM / dH -H curve. These behaviors 
are simiIar to白oseofCeo.sL句点6，although the anomalies at H~V-III and H~II-II are mu帥1
F日i伊伊1釘re白s5.47 and 5.48 show tl也leT and H de叩pe叩ndenc巴of the electrical re官es討is幻凶tiv吋i町守臥y払，ρ oぱfCe句o.sNd白0仏似.1La匂0.4B6

f伽oぽrH 11 [仰0∞01り]，respectively. The arrows drawn in Fig. 5.47 indicate山岡nsitiontemperatures obtained by 
the results of C and M. While T Q is clearly recognized also in the p -T curve， TIV _ 1 and T N釘edifficult to 
recognize. In a low magnetic field region， p shows a small H -dependence， which is a characteristic property in 
phase IV. Below 0.9 K.， H~v -III and H~II-II a町 ecognizedin the magnetoresistance in Fig. 5.48. 

5.4.2 Ceo.sPro.lLao.4B6 

Figure 5.49 shows the T dependence ofC ofCeo.SPrO.lLao.4B6 under various magnetic fields for H 11 [001]. 

The resuIts at H = OofCeo.sPryLaoト官B6(y=O， 0.05， 0.1) is also shown in Fig. 5.50. In Fig. 5.50， it is clearly 
seen白at白epeak temperature∞ntinuously increases and a peak becomes sharper wi白increasingPr doping 
as in白ecase ofNd doping. This means that phase IV is stabilized also by Pr doping. We note出atTIV-I of 

Ceo.sPro.lLao.4B6 is as high as "，1.6 K， which is about twice ofTIV-I '" 0.8 K ofCeo.sLao.sB6 and is much 
higherthan TIV-I '" 1.2 K ofCeo.sNdQ.1Lao.4B6. With increasing H up to 2.0 T， TIV-I slightly shifts to lower 
tempera旬res，as shown in Fig. 5.49. In magnetic貧eldbetween 1.7 T and 2.0 T， the kink of C originating from 
白eI平IIItransition is recognized at low tempera旬res.With further increase of H， the anomalies at TQ and TN 
are observed at H = 3.5 T and 4.0 T. At H = 6.0 T， a large peak is observed at TQ '" 2.3 K. 

5.4.3 Magnetic phase diagram of CeO.SRO.ILao.4B6 

Figures 5.51 and 5.52 show the magnetic phase diagrams ofCeo.sR().1Lao.4B6 (R = Pr， Nd) for H 11 [001] 
obtained by the present results， respectively. The overall features ofthe magnetic phase diagrams are in principle 
the same as that ofCeo.sLao.sB6. Judging企om出esimilarity ofthe magnetic phase diagrams ofthe Nd doped 

andundop戸eds回ampμles，the order p戸ar，悶釘n肘et旬er凶si加nthe LROp凶ha出se白s訂巴thesame in b加ot白.hs勾ys幻temseven t白ho卯ug酔h10% 
Ndionsa釘redope吋d，wh脳討由ich】hi包sdi釘能er閃ren白叩n蹴1tfi合rom位白lecase白:sofCe句o.rNdι宮La句O.ト百B6andCe句o.6NdyL句.4-yB6where the 
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ground state is changed合omphase IV to III or to the other magnetic phase V by few percent ofNd ion doping. 

In both cases ofNd and Pr doping in CeO.SLao.5B6， both ofT1v -1 and TN are enhanced and TQ at high magnetic 
fields is suppressed. The enhancement ofTlv_1 and TN is much larger in the Pr doping case than in the Nd 

doping one. The suppression ofTQ shows a similar tendency in both cases. The enhancement ofT1v_1 seems 

to be correlated with that ofTN in both cases. The region ofphase III in CeO.5Lao.5B6 is expanded by both Pr 

and Nd doping. In CeO.4Lao.6B6， Tlv -1 is largely enhanced but TQ at high magnetic fields is snppressed by Nd 

doping. 

Ce0.4NdyLao.6-yB6 (x = 0.4) 5.5 

Ce0.4Ndo.lLao.5B6 

Fi思lre5.53 shows the T dependence ofC ofCeo.4Ndo.lLao.5B6 in magnetic fields along the [001] direction. 

The results ofCeO.4Lao.6B6 single crystal and Ceo.4Ndo.05Lao品 B6polycrystal at H = 0 are also shown in Fig. 

5.54. The T dependence of C of Ceo.4Lao.4B6 is similar to白atofCeO.5Lao.5B6 and a maximum tempemture 

is '" 0.7 K. A kink is reported at T '" 0.5 K in the magnetic susceptibility of Ce0.4Lao.6B6 [74].百lUS，
the ground state of CeO.4Lao.6B6 is considered to be phase IV. The existence of phase III in finite magnetic 

fields is not recognized in白epresent specific heat measurement in CeO.4Lao.6B6・Withincreasing Nd doping 

concen紅ヨtion，T1v_I shifts to higher tempemture and in Ceo.4Ndo.lLao.5B6， Tlv-I becomes as high as '" 1.1 
K and a broad maximum of C in CeO.4L句.6B6is replaced by a clear peak出 inthe case of Nd doping in 

Ceo.5Lao.5B6. As in the case ofCeO.5Ndo.lLao.4B6， with increasing magnetic field up to 3 T， Tlv-I shifts to 
lower tempemture and a peak is changed to a broad maximum with increasing magnetic field up to 3 T. Above 

4 T， a clear peak is observed at TQ. In the present experiments， the existence of phase III was not recognized 

also in Ceo.4Ndo.lLao.5B6・
Fi伊re5.55 shows the T dependence of M ofCeO.4Ndo.lLao.5B6 in the form of M/H for H 11 [001]. M/H 
at H = 0.1 T is independent oftemperョturebelow T1v-I '" 1.2 K， which is also observed in phase IV of 
Ce0.4Lao.6B6 [74]. This tempemωre dependence of M becomes weak with increasing magnetic field up to 2.0 

T. At H = 3.0 T， M exhibits a linear increase with decreasing T down to 0.5 K. Above H = 4.0 T， a kink at 
TQ is barely recognized. 

5.5.1 
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Figure 5.56 shows the M -H curve of Ceo.4Ndo.lLao.5B6 for H 11 [001]. M at T = 0.45 K increases 
linearly with increasing H and shows a small kink at H '" 2.5 T. This behavior of M is similar to that around 

the critical magnetic field企omphase IV to II， H~V-II OfCeo.75Lao.25B6 under the uniaxial pressure along the 
[001] direction， a叩p副合伽伽o町m白白巴 magr伊n凶lI加a旬l此 oぱf白eはki批n昨ka低tH巧~V-II [伊56悶6句].Thus，血esmall kink at '" 2.5 T should 
originate企omtheIV-II仕'ansitionand phase III does not exist at the finite magnetic fields in the present sample. 
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Figures 5.57 and 5.58 show the T and H dependence of p ofCeO.4Ndo.1L句.5B6for H 11 [001]. Below 3.0 

T， the p-T curve shows a broad maximum at '" 2.0 K and decreases smoothly with decreasing T田 inthe case 
of Ceo.5Ndo.1Lao.4B6 at low magnetic fields. Thus， the sign of the phase transition could not be recognized 
in白ep-T curve below 3.0 T. Above 4.0 T， an anomaly at TQ is barely recognized. In the fJ:'H curve， a small 
negative magnetoresistance is observed at Iow magnetic fields in all the temperaωre region. The arrows drawn 

in Fig. 5.58 mean the inflection points ofthe p-H curve which se巴mto correspond to血e1¥ん11transition. 

Fig.5.59 
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5.5.2 Magnetic phase diagram of Ceo.4Ndo.lLao.5B6 

Fi伊re5.59shows the magnetic phase diagrams of Ceoボ do.lLao点 6for H 11 [001] obtained by白epresent 

results. As in the case of CeO.SRo.ILao.4B6， Tlv-I is largely enhanced but TQ is suppressed by Nd doping. 
Before starting the experiments， we conjectured that the Nd doping may generates phase 1II in the finite magnetic 
fields because phase III becomes stabilized by Nd doping above x = 0.5. However， we could not recognize the 
existence ofphase III in Ceo.4Ndo.lLao.sB6・

5.6 Nd concentration dependence 

of the transition temperatures in CexNdyLa1-x-yB6 

Figure 5.60 shows the y dependence ofthe transition tempera制resofCe"，NdyLal_"，_yB6 (x = 0.7，0.65，0ム
0.5 and 0.4). For x = 0.7，白eNd ion doping reduces the region ofphase IV very rapidly. Phase IV seems to 

disappear at y "，0.015"，0.02 above which only the AF magnetic state exists below TN・Theimportant result 

is that TN = 1.4 K is the same as T1v-1 = 1.4 K independent of the y value at least up to y = 0.05. No 
discontinuity between TIV-I andTN is qui句similarto that of Ce"， Lal_"， B6 through x '" 0.8. These seem to 

suggest the possible existence of some relation between the order parameters of phase IV and III. For y = 0.1， 
there exists phase V which exists in Ce"，Nd1_"，B6 (x ~ 0.85). Since TN of y = 0.1 is '" 1.7 K， TN seems to be 
smoothly enhanced above y ，....， 0.05. For x = 0.65， the overall features seem to be similar to those for x = 0.7. 
Phase IV seems to exist below y '" 0.35. Considering the results for x = 0.7， we presume that phase V appears 
at y '" 0.08. Here， it should be noted白atphase IV becomes robust against Nd doping with decreasing x. For 
x = 0.6， phase IV still remains as the ground state up to y = 0.05. T1v-I seems to slightly increase with 
increasing y. With increasing y， the 1ドIIIphase boundary could not be observed， but phase V newly appears 
at the same time as phase IV suddenly disappears at y '" 0.06. Namely， for x = 0.6， a discontinuous boundary 
exists at y '" 0.055. With further increase of y， both Tv -1， and TN are enhanced. For x = 0.5 and 0.4， the 
Nd doping e釘ectis quite different企om白紙forx 主0.6.The most important result is that Tlv-I is largely 
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Fig.5.60 Nd concentration (y) d句endenceof師国nsitiontem戸raturesofCe"，NdyLal_"'_νB6 (x = 0.7，0.65，0.6，0.5 and 0.4). 
The dotted lines are the co吋ectu問dones. 
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enhanced by the Nd doping， which could not be observed for x ~ 0.6. This result indicates that the Nd ions 
have a role to stabilize ofphase IV for x壬0.5，and that the property ofphase IV for x ~ 0.6 is different from 
that for x < 0.5. 
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Chapter 6 

Discussion 

In this chapter， we discuss the present experimentaI results 'Ofthe R-i'On doping effect on phase IV of 

Ce.，Lal_.，B6・First，we discuss the effect ofthe Nd doping for the system with higher Ce concentraion， 
x = 0.7. Next， we discuss the 'Origin ofthe enhancement ofT1v-1 bel'Ow x = 0ふ

6.1 The e仔ectof the Nd doping for CexLa1-xB6 for x 三0.6

As clearly observed合omthe largely y dependent magnetic phase diagrams， a small amount of Nd doping 
largely reduces the region of phase IV and stabilizes phase III. Only a small amount of Nd doping appears to 

be sufficient to suppress phase IV completely and make phase III the ground state. This implies that the合問

energies 'Ofphases IV and III are very close to each 'Other in the present system ofCeO.7NdyLao.3-yB6 with a 

small y region. This is also supported by the appearance ofphase (III + IV). In a very small y region，白eeffectof
the Nd doping on phase IV appears to be small as far as we observe the magnetic phase diagram for y = 0.005. 

The temperature dependence of M in phase IV is similar to that of Ceo. 7 Lao.3B6・[?]This also indicates that the 

Nd ions do not affect the order in phase IY. On the other hand， as白r血eeffect of the Nd doping on phase III， 
from the results of M and ρin phase III， it is found that白eeffective FM interaction induced by the coexistence 
'Ofthe Ory-AFQ and T.，yz-AFO interactions in phase III is reduced by the Nd doping. The suppression ofthis 
FM interaction appears to originate fr'Om the enhancement ofthe AF exchange interaction by the Nd doping. 

The present results for Ceo.7NdyLao.3-yB6 indicate白atthere exists a critical concen仕ationYc '" 0.015 

ab'Ove which the ground state is changed合omphase IV t'O 111. This is observed in Fig. 5.60. The existence 'Of 

the critical concentration suggests that phase III in this sample is formed by connecting the Iocally reinforced 

AF magnetic state around the Nd ions in血eentire region 'Ofthe crystal. The fact that phases IV and III coexist 

at low magnetic fields initially after zer'O field cooling around y '" 0.01 indicates白at白e合eeenergies of these 

two phases釘every close to each other. Ifwe estimate the range 'Ofthe reinforcedAF state around the Nd ions 

from y '" 0.01， one Nd ion is situated per "，5 x 5 x 5 sites， as shown in Fig. At H = 0， the reinforced AF 
magnetic (AFM) region around the Nd ions is barely connected and when the magnetic field is applied， by the 
aid 'Of the effective FM interaction induced by the magnetic field，出eAFM state is easily stabilized in the entire 

region of the crystal. As for the temperature dependence of the region 'Of phases IV and III for y = 0.01，ぬe

following factors are considered. The region 'Ofthe AFM state around the Nd ions， which is the largest at T = 0， 
shrinks with increasing temperaωre田 aresult of the reduction in the AFM m'Oment and the first・orderphase 

transition合omIII 
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Fig. 6.1 Schematic picture of the coexistent phase of phase IV and III in Ceo. 7 NdνLaO.3-νB6 with a sma[J y region 

Txyz-AFO interactions， which is also predicted合omthe magnetic phase diagram where phases II and III are 

connected by the second-order phase transition. Thus， the 0町 -AFQinteraction is expected to exist from a zero 

magnetic field， even though it appears by the aid of the AFM ordering in phase III. That is， in CeO.7 Lao.3 B6， the 

o町 -AFQand Txyz-AFO interactions are comparable to the interaction in phase IV even at H = O. Ifthe order 
parameter in phase IV is the r 5u -type AFO moment， the 0円 -AFQinteraction should suppress the 0吋 ーFQ

moment accompanied by the r5u-type AFO moment， and the magnetic susceptibility in phase IV is expected 

to be modified. However， such a behavior is not observed in the present experiments. On the other hand， 

microscopic measurements such as the resonant X-ray [63] and neutron di冊目tions[61] support the r5u-type 

AFO order in phase IV The origin of the nonexistence of the competition between the OxγAFQ interaction 

and the interaction in phase IV should be c1arified to understand the overall features ofCexLal_xB6・

6.2 The origin of the enhancement of T1V-1 for x < 0.5 
Next， we discuss the present unexpected results for x壬0.5.The most important result of the present exp巴rω

iments is the drastic enhancement ofTIV-l by Pr and Nd doping in Ce0.4Lao.6B6 and CeO.5Lao.5B6・Asthe 

origin of the enhancement of TIVー1，we consider the following three cases. (1) The chemical pressure effect in 

the alloy systems. (2) The octupole moment of the Nd ion. (3) The variation of the order parameter due to the 

R-ion doping. 

(1) The chemical pressure e仔ectin the alloy systems 

As shown in Fig. 6.2， T1V-1 ofCeO.75Lao.25B6 is slightly enhanced by applying pressure up to P ~ 1 GPa [76] 
Then， we should check if the chemical pressure effect by R doping is the possible origin of the enhancement of 

T1V-1 ornot. The ionic radius ofPr and Nd is smaller than that ofCe and La. Then， the chemical pressure effect 

by Pr or Nd doping is expected. The ionic radius of Pr is larger than that of Nd. Then， the chemical pressure 

effect is expected to be larger by Nd doping than by Pr doping. This contradicts the experimental results. Thus， 

the chemical pressure effect as the origin ofthe enhancement ofTIV -1 is ruled out. 

(2) The octupole moment of the Nd ion 

Next， we consider the nature ofthe crystalline electric field (CEF) ground state of Pr and Nd ions in the present 

勾蹴ms.The CEF grou山附isthe r~2) quartet and the r 5出pletin NdB6 and PrB6， respectiv均 [36].1川 e
present alloy systems， the CEF ground states ofNd and Pr ions in the present systems may not be different so 

much合omthose ofNdB6 and PrB6， respectively. In the case ofNd ion， as there exists the dipole， quadrupole 
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Fig. 6.2 Pressure dependence of出e回nsitiontempera旬resOfCeO.75L句.25B6[76]. 

and octupole moments， the octupole moment ofNd ion could con位ibuteto the enhancement of Tlv-I・Onthe 
other hand， in出ecase of Pr ion， the octupole moment does not exist. By considering that the enhancement of 
Tlv-I appears in both doped systems，白econ住ibutionof the octupole moment of Nd ion as the origin of the 

enhancement ofT1v_1 is ruled out. TQ in finite magnetic fields is reduced by Nd and Pr doping in the same 

wayas is seen in Fig. 5.51 and 5.52. This indicates白紙白equadrupole moment of Nd or Pr ion also does not 

contribute to the enhancement ofTlv-1・Thus，we conc1ude that the expansion of the regions of phases III and 

IV by Nd and Pr doping originates企'om白econ仕ibutionofthe dipole moment ofNd or Pr ion. Ifphase IV of 

Ceo.sLao.sB6 and Ce0.4Lao.6B6 is fsu-type AFO order as is proposed in ph回 eIV ofCeO.7Lao.3B6 [65]，白e

ground state is a nonmagnetic singlet. In this case， the dipole magnetic moment ofNd and Pr ion cannot couple 
with the fSu-type octupole moment and does not enhance Tlv-I・

(3) The variation of the order parameter due to the R-ion doping 

The fsu-type AFO order parameter in phase IV proposed by Kubo and Kuramoto is the linear combination 

ofTf+TF+Tf/ほ This type of the linear combination is favorable because it has the largest eigenvalue 
among恥 0白erlinear combination or the single component of T!， Tt and Tf. Such a line訂 combination
with the equivalent weight is possible to be realized if the compound is pure. In the systems with lower Ce 

concentration as in the present case， the cubic symmetry is largely broken. Then， T! + Tt + Tf / v3 is poぉible
to be modified. Here， we ∞ n 副 erthe fol1owing two cases a部st恥he潟emod制i泊fie制ed0凶r吋de釘rp阿a釘r即ran町悶I
(ωi“尚iり)T勾'f.We have performed the mean field calculation for白血eseorder parameters. The Hami1tonian used in 
白epresent calculation is as fol1ows. 

冗=冗Tβ+冗Zeeman

1lT{J =-1(，β乞Tβ(i)・Tβ(j)，
(6.1a) 

(6.1b) 

'J 

TR = [T! + Tt/../2 
IT:β 

case (i) 

case (ii) 

In川t白hepres民e捌I

The calculated results 0ぱft白heTd白ep戸E叩n凶de叩nc印eof M and the energy levels for the above two cases are shown in 
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Fig. 6.3 Calculated results of出etemperature dependence of the magnetization and the energy levels. The order p訂ameteris (a) 
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Fig. 6.3. In the case of (i)， the ground s匂teis the nonmagnetic singlet and the behaviors similar to the case of 
T! + Tt + T! / y'3 are obtained as shown in Fig. 6.3. In the case of (ii)， the ground state is the doublet and the 
Curie Iike behavior is obtained below the ordering tempemture. 

百1US，any of three types of the order pammeters could not explain the present experimenta¥ results. In order 

to c¥arifシtheorigin ofthe enhancement ofTlv -1 by Nd and Pr doping in Ce"，Lal_"，B6(x壬0.5)，further studies， 
especiaIIy， the microscopic studies such as the neutron and X-ray di缶actionsare necessary. 



Chapter 7 

Conclusion 

We have studied白ephysical properties ofCe"，RyLal_"，_yB6 in order to obtain the information on the order 

parameter of phase IY. We have also carried out the mean field calculation for the two-sublattice model in which 

the di貸erentkinds of the multipole interactions are taken into account in order to c1ari命theeffect of the 0吋・

AFQ and T"，yz-AFO interactions on the rsu-type AFO ordering which is said to be the strong candidate ofthe 

LRO in phase IV in Ce"，Lal_"，B6・Theobtained conclusions in the present study are follows. 

. Mean Field Calculation for the Two-sublattice Model 

1. We have performed the mean-field calculation for白 two-sublatticemodel in which the r su-AFO， O"，y-
AFQ， T"，yz-AFO and the AF exchange interactions are taken into account in order to clari命白eeffect 
ofthe latter interactions on the rsu-AFO ordering. We found that a peak ofthe magnetic susceptibility 

in Ts-AFO phase which is one of the most characteristic properties in phase IV disappears easily by 

introducing the 0吋・AFQinteraction. This is because the O"，y-FQ order that accompanies the rsu・AFO

order is easily suppressed by the existence ofthe O"，y-AFQ interaction. Thus， we found that it is difficult 
to explain the overall properties ofCe"，Lal_"，B6 system containing phase IV at least only by assuming 

the Ts-AFO order in phase IV. 

R-ion Doping E仔ecton Phase IV of Ce"，Lal_"，B6 
1. For x主0.6，phase IV is rapidly suppressed and phase III is stabilized by a small amount of R doping. 
The stabilization of phase III by R doping indicates血atthe R ions con甘ibuteto the formation ofthe AF 

magnetic order in phase III cooperatively with Ce ions. In addition， Tlv-I is independent ofthe y value 
and smoothly connects TN as a function ofy.百lissuggests the existence of some relationship between 

the orderparameters ofphases IV and III. 

2. For x三0.5，T1v-I is largely enhanced by the R-ion doping， different企'om白erapid suppression for 

z三0.6.This result indicates白紙theR ions have a role to stabilize phase IV for x壬0.5，and白at
the nature of phase IV for x ~ 0.6 is different企om白紙forx壬OふTheenhancement of TIV -1 and 

TN by R-ion doping should originate合om白econ住ibutionof the dipole moment of Nd and Pr ion in 
the stabilization in phase IV. Ifphase IV below x = 0.5 is rsu-type AFO order as is proposed in phase 
IV for x = 0.7， the ground state is a nonmagnetic singlet. In this case， the dipole magnetic moment 
of Nd and Pr ion cannot couple wi白白ersu-type ocωpole moment and does not enhance T1v-I. By 

considering the possibility白紙phaseIV is rapidly replaced by phase III by R doping due to the small 
energy difference between phase IV and III for x三0.6，it is possible to say that白em凶nsicnature of 
the interaction between the LRO in phase IV and the magnetic moment of R ion is seen for x壬0.5
where the energy difference between phase IV and III is large. Thus， we found that phase IV for x三0.5
is stabilized by白emagnetic moment ofthe doped R ion and pointed out the difficulty in the rsu-type 
AFO order for phase IV. The possibility白atthe nature of phase IV is different between xさ0.6and 
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Zく0.5was pointed out. 

Although the order parameter in phase IV was not detennined definitely in血epresent study， we have got the 
big progress in the understanding ofphase IV ofCe.，Lal_.，B6・Inorder to cIari守theorigin ofthe enhancement 
ofTIV -1 by Nd and Pr doping in Ce.，Lal_.，B6(x ~0.5)，白ロhersωdies，especiall弘themicroscopic studies such 

as the neutron and X-ray di缶'actionsare necess釘y.
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