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Abstract

Abstract

Since the discovery of cuprates about twenty years ago, many high - temper-

ature superconductors have been uncovered. But the origin of superconductivity

is still under debate. As a strongly correlated system, there are many unique

properties and composite orders in the normal state, such as antiferromagnetic

order, stripe order and charge order, etc. which are considered to be closely re-

lated to the formation of Cooper pairs. Compared with the hole-doped cuprates,

there are low upper critical field and disappearence of Pseudogap in the electron-

doped counterpart. So it is very convenient to suppress the superconductivity by

magnetic field to study the properties and composite orders in the normal state,

which is very meaningful to research the origin of superconductivity.

In this paper, we mainly focus on the electron-doped cuprate La2−xCexCuO4±δ

(LCCO) which has the highest superconducting transition temperature in the

electron-doped cuprates and high quality samples over a wide range of doping

levels. Through the study of properties in normal state, we plan to give the

interpretations on the unique properties and the relation between the antiferro-

magnetic order and superconductivity. The main contents are as follows:

(1) Through the study of the in-plane magnetoresistance on the LCCO thin

films with different Ce dopings and oxygen contents, we observe that there exist

unique properties in the normal state, such as negative and linear magnetoresis-

tance. Then we propose that the negative in-plane magnetoresistance is related

to the static antiferromagnetic order. The linear in-plane magnetoresistance in

the under-doped regime and near optimal doping level, are relevant to network

and density wave transition, respectively.

(2) By taking the transport measurements for LCCO thin films with different

oxygen contents in high magnetic field up to 58Tesla, we confirm the boundaries of

static and dynamic antiferromagnetic order, and then establish the multidimen-

sional phase diagram. We also give an illustration of the quantum critical point

in this system: there are two quantum critical points in this system and they will
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move in different directions when the magnetic field is applied. Meanwhile, we

also consider that the spin density wave competes with superconductivity. Since

our results could be interpreted by the conducting nano-filament network, we give

one possible explain on the superconductivity in the electron-doped cuprates.

(3) The LCCO combinatorial thin films from x = 0.1 to x = 0.19 were

successfully fabricated by the combi laser-MBE technique. Through the struc-

tural, content and transport measurements, the distribution of gradient content

is verified to be continuous. Meanwhile, we take simulations of the film growth

and show that the deviation of composition from the linear distribution is smaller

than 1.54×10−4, which is good enough to study the quantum criticality in future.

Keywords: electron-doped cuprates, combinatorial thin films, transport prop-

erties, La2−xCexCuO4±δ, superconducting thin films
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zã [99]"

�¤�fNXaq§3Ô�zÔ¥þf�.:NC�þfÞá�U¬

r?���é"Xã1.3(a)¤«§�UY>.;�ÛÉ7á«§ÛÉ7áÏ

~¬�þf�.y�éX3�å"@o3T=0K�§�UY>.?�3þf

�.:íºÏL'9 [100]§Ñ$ [101]Ú�©E>fUÌ [102]ÿþ§¿(Ü>ÖS

3�UY>.NC�� [84]ÚÏLþf��¼��k��þ3�UY>.?u

Ñ [103]§�±(@3�UY>.?�3þf�.:§X1.3(a)¤«"ÏLo(u

yØÓNX�5>{�XêÚ��=C§Ý¤��'§XêC�"���>5

��§Xã1.6(a)¤«§L²�5>{Ú��>5äk�q�å [101]"d	§

éõ�Ç.Ô�zÔ���«�äkü�dome§ÏL'9 [104] ÚÙ¦ÿþ [105]

(@3z�domeº¸e¡Ñ�3þf�.:§ÏLþf�� [103,106]ÚRXSÿ
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã 1.6: (a)�Ç.Ô�zÔ¥�5>{��Xê���=C§Ý�'X [101]"

(b)>f.Ô�zÔLa2−xCexCuO4±δNXS��5>{
[109]"

þ [84,107]uyùü�þf�.:�ÐéAX>ÖSå©Úª���,ßÝ§=

3þf�.:NC��=C§Ý��4��§L²þf�C9ÙNC�þfÞ

áé��>5å�
���^"�´�UY>.?�þf�.:�>ÖS�

�?�þf�.:´ÄÜº8c3��NX�vk¼����(Ø¶d	´

Ä����«�(½ö��´L�,«�)Ñ?uþf�.« [108]§Ø´A�

Õá�þf�.:ºù
ÑI�?�Ú�ïÄ"

1.2.2 >>>fff...ÔÔÔ���zzzÔÔÔ

��Ç.Ô�zÔ�'§>f.Ô�zÔ��ãK/ZÀ0
éõ§X

ã1.7¤«">f.Ô�zÔ�äkgCÕA�A:µ~X�X�,�O\§

TNeü�'�Ç.�ú�õ¶Ø
��O��	§�¹þ�Cz�¬K�NX

�A5 [110,111]¶��=C§Ý�$��,�����"8c§>f.Ô�zÔ

Ì�ïÄ��¡�µ�c^þf�.:� �§¤�¡�üz§>ÖS±9¤

��N>��þf�.5��§Ød�	ò»L§�Ån§��UYé¡5�

¯K�Î�3�Æ§I�?�Ú�&Ä"

��Ç.Ô�zÔú@�dx2−y2é¡5�'§>f.Ô�zÔ��UY�

é¡5Eäké���Æ"Ü©Bß�Ýÿþ [112,113]Ú��Ì [114] ¢�w«>

f.Ô�zÔäksÅé¡5¶3�Z�,NC�n¬( [115] Ú�©E>f

UÌ¢� [116,117]|±ÙäkdÅé¡5¶d	�k¢�w«�X�,�O\§
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1�Ù Úó

ã 1.7: >f.Ô�zÔ��ã [109]

>f.Ô�zÔ�é¡5¬u)Czµ3j�,«�äkd Åé¡5§3L

�,«�äksÅé¡5 [118,119]"d	§�
)ºù
�Æ�¢�(J§�ü

NdÅ�Vg��JÑ [120]"ù
ÑI�?�Ú�&¢"éuò»L§�Ån§

·�ò31�Ù?1?Ø§d?ÒØ2�[Qã"

Xã1.7¤«§3>f.Ô�zÔ¥§�c^S«'�Ç.NXÿÐ
é

õ§ù¿�X�c^Séu���é¬k���K�"�´§8c�c^S

�>.±93T = 0K��c^>.?´Ääkþf�.:§EÎ�3é��

�Æ"3¥fÑ�¢�¥§Yamada�< [121]y¢>f.Ô�zÔ¥�3úÝ�

�c^S§¿�uy�c^S�±Ú��S�� [121,122]"�´Motoyama�<

uy3Nd2−xCexCuO4±δ �§�c^S(å3�,x = 0.13§=��Sm©Ñ

y�c [123]"�¦r�c�c^SÚ��S���(J8(��¬�?1�

Zò»?n§ù���¥fÑ� [124]ÚÑ$ÿÁ [125]�|±µò»L§�±U

CNX��c^SrÝ"Ó�§3La2−xCexCuO4±δNX§µSRÿþ
[126]�uy

�c^>. uj�,«�"Ñ$¢�§~X¿� [127]§^>{ [128]§9>

³ [129]Ú¡S=�ÿþ [125,130]�§%L²�c^>. u�Z�,NC½öL

�,«�"�|^¥fÑ�¼��g^fÝρs �±æ^ω/T?1IÝ
[123,124]§

L²�c^>.?äkþf�.:"¥fÑ�uy3����«�SÑ�3

11



Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã 1.8: >f.Ô�zÔ¥�>ÖS [140]

$Ug^Þá [131]§ùL²þf�.:NC�þfÞáé���éå�
r?

�^ [109]"þf�.: ��gñ§�U�ÿÁÃã�ØÓ½ö�¬�¹þ

�K� [46]§ÏdI�?�ÚmÐ�\°(�ÿÁ"

&Ä¤�¡�üzé��>59�~�5��ïÄäk��¿Â"8

c§�©E>fUÌ [132,133](Jw«¤�¡3L�,«�´���Ç��§

3�Z�,NC´>f�Ç����§Xã1.5(b)�ã¤«"Ó�uyé

uNd2−xCexCuO4±δNX3x = 0.16Úx = 0.17�m�3¤�¡� [99]§ù�Ñ

$¼���c^S>.�� [127]§��þf�� [134–136]���¤�¡üz(J

��"�ØLþf��3r|edu^5�$�A��3 [137]§¬Ñyü��

�ªÇ"3>f.Ô�zÔ¥§T¤�¡��@��g^�ÝÅ�' [138]"

T�Ø=¦�¬LyÑV��5�§�16fßÝ�¬u)aq�Ç.Ô

�zÔ�=C [98]§Xã1.5(b)¤«"Ø==´Ce�,§�¹þ�Cz�¬Úå

U��Cz§?K�U��(� [139]"Ïd¤�¡�üzI�Ó��ÄCeÚ

��Cz§d	16f�ßÝ3�:�Cz�I�?�Ú�&Ä"

��Ç.Ô�zÔ�q§ÏLRXSÿþuy§3>f.Ô�zÔ¥�3>

ÖS [140]§ÙÅ¥���TÐ´3�´�m u(π§0)?�ü�>f��m�

ål§Xã1.8¤«§V«3(π§0)?�>f��/¤�U�>ÖSk'"�5

12



1�Ù Úó

qïÄ>ÖS��,�Cz§w«>ÖS��c^S�3¿�'X [141]"�´

>f.Ô�zÔ¥�>ÖS´Ä��Ç.¥���§U
��¤�¡�º½

ö´Ä�þf�.5�'ºù
I�?�Ú�ïÄ"

3>f.Ô�zÔ�¤��N«�>�NC§�3þf�.: [142]µÙÑ

$(J�±^∆B/TIÝÇ?1IÝ"�X^|�O\§Tþf�.:¬�$

�,��£Ä"3��=C�c§R − T��3�5«�§¿�ò��Ø�

��§T�51�¬��òY�mKþ? [109]§Xã1.6(b)¤«§L²��«�

?uþf�.«§�5>{Ú���åÑ�g^Þá�' [109]"�´du

þf�.:�¤©�¦�~°(§®²���ÑDÚ��Eâ�Uå§¤±I

�/Ï�k?�Ü¤Eâ§~X|Ü-1©få	òEâ§éþf�.y��

ïÄ"

1.3 ���©©©ÌÌÌ���(((���

�©�ó�Ì�´�7>f.Ô�zÔLa2−xCexCuO4±δNXmÐ�"

ÀJLa2−xCexCuO4±δNX�Ì��Ïµ(1)3>f.Ô�zÔ¥TNXäk�

p���=C§Ý¶(2) äk����ã¶(3) U
��Ñlj�,«�¤��

N«é��,���p�þ���¬¶(4)La3+vk^Ý§Ø¬K�ÿþ(J¶

(5)�¬U
?11�§Bu?1�'Ñ$ÿþ"

�e5©ÙÌ�©�8Ü©µ(1)1�ÙÌ�0�La2−xCexCuO4±δ���

)�Úò»L§§±9¢�L§¥¦^�����EâÚÿþEâ��n¶

(2)1nÙÌ�0�La2−xCexCuO4±δ��¡S^>{Ñ$A5�ïÄ§uy�

XCeÚ��CzÑ�3K^{��^>{�=�§±9ÛÉ��5^>{1

�§¿rù
ÛÉ1�8(�NXS���(�¶(3) 1oÙÌ�0�ØÓ�

¹þ��Z�,�La2−xCexCuO4±δ��r^|Ñ$A5�ïÄ§|^Ñ$(

J·�ïá
�¹�§CeÚ§Ý�p��ã§¿¤õ/)º
NXS�c^S

�üz§Ó��Ñ
þf�.:£Ä�ã�¶|^�>�B�^«���.é

>f.Ô�zÔ���>5�å�
�«�U�)º¶(4)1ÊÙÌ�´0

�La2−xCexCuO4±δ|Ü�����ÚÑ$A5ïÄ§F"U
|^|Ü��

�`³§3c�Ùp��ã�Ä:þ§ïá�\�õ��ã"(5) 18Ù´o

(�Ð"¶(6)��N¹Ü©´0��e·��nØÜ�öJÑ��>�B�^

«���.(conducting nano-filament network)§¦�[éTnØkÐÚ�
)
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

Buc¡Ù!�¢�(J©Û"

·��ó�´3La2−xCexCuO4±δNX���(Ce,T )�ã�Ä:þ§UYé

NXSÛÉ�1�§'X�5^{�?1&Ä¶Ó��Ä�¹þ�K�§ïá

�¹(Ce,O,T ,B)�p��ã¶?�ÚmÐ|Ü���)�§´�
¼��°(

�p��ãÚ�\
)þf�.y�"
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1�Ù La2−xCexCuO4±δ�����L�

111���ÙÙÙ La2−xCexCuO4±δ���������������LLL���

>f.Ô�zÔ§��Ç.Ô�zÔÔ�¡�l¡N(�(T�)ØÓ§Ù

Ô�¡þz�Cu�fC��ko�?uÓ�²¡���f(CuO2§T′)§Ù

þ!e����f£Ä�Dè����� [110]§Xã2.1¤«"�>f.Ô

�zÔ�¬3���¤��§I�²{ò»L§âU¼���>5"Ïdé

uLa2−xCexCuO4±δNX§�
¼�p�þ��¬§Ø=I�¼�½�T′ (

�§Ó�I�ÏéÜ·�ò»^�"

@oXÛ�±¼�½�T′(�ºBringleyÚManthiram�< [143,144]|^W

v¶(��N=Ïft���â§äNL�ªµ

t =
ri(Ln

3+) + ri(O
2−)√

2(ri(Cu2+) + ri(O2−))
(2.1)

Ù¥ri(Ln
3+)§ri(O

2−)Úri(Cu
2+)©O´Dè��§�ÚÔ�lf�»§t�N


Dè���ÚÔ���zÆ���§Ý"¦�uy�0.86 ≤ t ≤ 0.99�§T�

(�â´½�§�0.83 ≤ t ≤ 0.86�§T′(�â´½�"d	§�Ä�z

Æ���§Ý�Cz§Goodenough�<uyLn-O��9)äXê�'Cu-O�

�§t�X§Ý,p¬O�§�Ò´`§Ý�p�N´/¤T�§Ïd�±Ün

/��á�)�§Ý5Ü¤½�T′�(�"

éuLa2−xCexCuO4±δNX§Ù1NLa2CuO4�N=Ïf´0.868§?uT�

��"�,^�»���Ce��La�±ü$N=Ïf§¦Ü¤T′(��

§Ýþ,§��´å¼�p(¬�þ�¬á�Ü¤§Ý�� [18]"�c

�kéõ�K|}ÁÜ¤La2−xCexCuO4±δ¬á§~XMuromachi�<��

ÑLa1.85Ce0.15CuO4¬á§�vk¼���>5
[145]"1994c§Yamada�<Ü¤


��>5�T′��La2−xCexCuO4±δ§�´(¬5éØÐ§éJmÐ?�Ú�

ïÄ [146]"2003 c§Oka�<|^2«{Ü¤La2−xCexCuO4±δ�ü¬§�é¢

Ã´����T� [147]"Ãõ¢�(JL²Ü¤��>5�La2−xCexCuO4±δ¬

á´��A�Ø��U�¤�?Ö"éu��á�ó§ÙÜ¤§Ý'¬

á$éõ§�Ä¡�	ò�^U
½éõæ�(�§�·�Jø
,

��Ü¤��>5La2−xCexCuO4±δ�¬��{"2000cNaito�K| [148]|^
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

(a) (b)

ã 2.1: (a)T�(�«¿ã"(b)T′�(�«¿ã [111]

©få	ò(MBE)EâÜ¤
��>5�La1.891Ce0.109CuO4��§��=C§

Ý�±��30K"2003c§Sawa�< [149]|^óÀ-1�È(PLD) ¤õ3äk

v��(BaTiO3)���À��v�+(SrTiO3)�.þ��ÑLa2−xCexCuO4±δ�

���"��§IS��K|�¤õ^^�í�ÚóÀ-1�È��Ñ��

�La2−xCexCuO4±δ��
[17]"

éuLa2−xCexCuO4±δNX§þã¤õ��Ñ�����§3á�)��

¤�ÑI�²{ò»L§§�´ò»L§�^�%�3�Éµý�^�½ö$

�Ø¨�"31Ná�Pr2CuO4±δ¥¼���>5
[150]I�?1�“üÚò»

{0"8céò»L§�Ån��3é���ÆµØ���þ��äN3�o

 �§º:�§¡S�½öDè�����º&Äò»L§�Ånéá�)�

±9Ô5ïÄ�~k¿Â"

2.1 ������������EEEâââ999���nnn

2.1.1 qqqááá������

XJ����p�þ���§Äk7L��p�þ�qáµ�/��§¤

©þ!�O(A�Ã Û§vk²w�"�"�
òqáA^u|Ü���
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1�Ù La2−xCexCuO4±δ�����L�

�§Ø
þã�¦�	§ØÓ�,�qáI��þ�Ó§Ø��Øå�Ó§ù

��±3qá�¡��ØÓ�¤©�m�È�Ý���Ó"·�Ì���Ce�

,lx=0.07 ∼ 0.20��X�qáqá§äN��L§Xeµ

£1¤ý��zJµdu~§�¹e�zJN´áY§Ïd3���cI

�3900◦C�^�eý�8∼12��§Ø�Ù¥�Y©¶

£2¤��µUìqá�'O�ÑI���zJ§�z�Ú�zÔ��þ§

,�?1¡þ§¡þ�°(�Z© "Ù¥ý��zJI�3§Ý�vkü

�¿§(��370◦C∼90◦C)�Ñ?1¡þ§��2gáY§Ó��zÔ��L

þ3% ∼5%¶

£3¤ÐÚï�ý�µ¡þ(å�ò��þ!·ÜuïÄ�¥§,�?1

ï�§ï��m���2��"ï�(å�ò·Ü�3920◦C�^�eëYý

�48��§¦��·Ü�Aþ!"

£4¤p§ï�ý�µ��ü§��Ñ·ÜÔï�1.5∼2��§,�2

3940◦Cý�24��"dL§E2∼3g"

£5¤ýØqµp§ý�(å�ò·ÜÔï�¤®"§,�220∼25MPa�

^�e?1Øq"dL§Ø´�ª�ØqL§§ÏdØ��qáäk�
�«

vk'X§vk7�î���qá��þ",�23940◦C^�e�(24��"

dL§U
4·ÜÔ�\�.��A"

£6¤ØqµòýØqL§�((å�·ÜÔï�¤®"§,���z�

q��þ�12�§|^�ä3�.hØÅþ±40MPa�ØåØ�¤q§d�î

���qá��þ§ØUÑy�«"��3960◦C^�e�(24��§�¬�

e"

ù��(�qáôÚ¥¿çÚ§�/jM§^�^>LÿþL¡>{�

u1kΩ§Xã2.2�ã¤«",�^XRDÿþÙ(�§qáÌ��T�(�§ä

k�þ��zÔ�û�¸§vkÙ¦,¸§Xã2.2(b)¤«"�
¦^óÀ-

1�È�)�����\þ!��§���\þ!é¡§qáAT����

Ð§=Ø��æ^�Øå��¶�´�Ä�ä�«ÉUå§Lp�Øå�U¬

¦�äu)/C§Ïd3¢�¥æ^�40MPa"

2.1.2 óóóÀÀÀ---111���ÈÈÈ(PLD)EEEâââ999���nnn

óÀ-1�È(PLD)Eâ§Ì�|^pU�óÀ-1��Uþ§ÏL-
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã 2.2: La2−xCexCuO4±δqáXRD(J§Ø
p�Ýû�«�þ�z

Ô!�zæÔ�û�¸Ú27◦NC�zJ�û�¸§¿vkÙ¦Øá

uLa2−xCexCuO4±δ�û�¸§`²qá¥¿vkÙ§�,�"�ã´�(

�¤�qá�ì¡§��qá�/��§¥y¿çÚ§¿vk²w��«"

1�qá�m��p�^§¦qáL¡�Ô�]m�u!1)§?ølqá

�)pU��lfNå§���lfNå$Ä�Ä¡L¡§�È¤�§Xã2.3

¤«"±La2−xCexCuO4±δ��)��~§äN©�Xen�L§µ

(1)à�óÀ-1å�^�qáL¡§�)�lfNåµ�Øß²�La2−x-

CexCuO4±δqáL¡�pU-1ì��§ÛÜ§Ý¬]m,�2000◦±þ§l

á�¬×�íz¿ølqáL¡�	��§/¤¹k�flf¤©��

lfN(q)"TlfN(q)Uþép(10 ∼ 100eV)§�å6�Ý�§�±�

�1019 ∼ 1021cm−3§��Jp
����È�Ý"du�lf´]m/¤§�

lfN¥�¤©�'¬�qá¤©�N��§ÏdU
k�/ü$�ÈL§¥

�¤© Û"

(2)�lfølqáL¡§/¤��"du3qáL¡§Ýép§��

lf]m/¤§¤±�lf¬×��	��§/¤/��0"���/GÚ¤

©©Ù��K�����È�þ"3La2−xCexCuO4±δ���È�§��¬¿
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1�Ù La2−xCexCuO4±δ�����L�

ã 2.3: óÀ-1�È«¿ã [151]

\10−2 ∼ 10−1Torr��í§ù«�¹en�����/G´�÷�Ç1/G"

���/G l�ZG��§¬K����¥¤©�þ!©Ù§E¤��¤©

Øþ!"d	�qáL¡ü ¡È�-1UþLp�(~XJp-1Uþ�Ý

½öN�-1à��¹)§¬����¥Ñy�%§K���	ò)�"du

Ô����þ'Dè���éõ§ÏdÔ��lf�)�Ý�¯§¿�3$Ä

L§¥�N´É�Ñ�§¤±�
�y����'�qá�Ó§3��qá�

¬¦Ô��Lþ"

(3)�lfN$Ä�Ä¡L¡§�È¤�"��lfN$Ä��.L¡§�

�.L¡¬u)áN§��§�í�Ú2�u�ØÓ�L§§Ì��û½Ï

�´�lfå6�ÝÚÄ¡L¡�§Ýµ��.L¡�§Ý�$(L¡-¹U

$)½ö�lfNå6r�§N´u)��Ú�í�¶2�u�L§´J±;

��§�.L¡§Ý�p§2�uL§�ì�§�´�Nþ2�uL§´é�

f�¶��Ü·�§Ý(JøÜ·�-¹U)§±áNL§�Ì"�áN��l

fN¬3�.L¡*Ñ§ØÓ��fU'~(Ü§¤Ø§)�"du���Ä

UÚÄ¡�	òAå�±ü$¤��-¹U§Ïd����Z¤�§Ý'¬á

$éõ"�.Jø�AåÚL¡����±r?¤ØL§"�áN�âf3

�.L¡)�Ì�©��G)�§�G)�Ú·Ü)�"�áN�Ý�uâf
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

*Ñ�Ý§N´u)�G)�¶�áN�âfkv
���m?1*Ñ§K¬

�G)�"?u¥mG¹K¬·Ü)�"éuLa2−xCexCuO4±δ��§�
¼�

p�þ�ü�����¬§·�¬��Ü·���/G��Ú�.L¡�§

Ý§4��¦þ�±�G)�¶�´duóÀ-1�È�Ýé¯§éJ;��

G)�§�U¦þ~f"

2.1.3 ---111©©©fffååå			òòò(Laser-MBE)EEEâââ999���nnn

-1©få	ò§Xã2.4¤«§)��n�óÀ-1�Èaq§±óÀ-

1��-u§òqá-u��lfNå�È3�.þ§�¤��)�"§Q

�±�¤ÊÏóÀ-1�È�)��ª§�´��±?1'ÊÏóÀ-1�

\°(�)���§Ó�U
/Ï�?�©���ªpU>fû�(Reflection

high-energy electron diffraction, RHEED)¢yÅ��	ò)�"ÙÌ��nÚ

`³Xeµ

ã 2.4: (a)-1©få	òC�solidworks�3D«¿ã" (b)-1©få	ò¢

S��ã"(c)��SÜq�§£Äù��ÚÄ¡�«¿ã

1!äk�±¢y°( �����ëY£Ä�ù��(Mask)§Xã2.4(c)¤

20



1�Ù La2−xCexCuO4±δ�����L�

«"3���È�§|^3qáÚ���mëY£Ä�ù��§�±°(��

í��á�3Ä¡þ�©Ù§)�ëYFÝ����¬µ¤©ëYFÝ§þÝ

ëYFÝ�"Ød�	§��±3ù��þ�OAÏ�m�§}Á)�AÏ

/G�É�(§²¡(�"$��±|^ü�½öõ�ù��§)���$

�õ��FÝ��½öÉ�("duù��£Ä´ëY�§Ïd3�O�F

Ý���S§�±¼�?Û�«¤©½þÝ�§Buá��¯�Ü¤Ú#.

õUá��&¢§¿�)û
ÊÏóÀ-1�ÈEâ3á�Ü¤�¤© Û

¯K§U
Ü¤?Û�«A½¤©�'�á�"·�®²|^TEâ¤õÜ

¤Ba1−xSrxTiO3 ÚLa2−xCexCuO4±δ |Ü��§äN[!��18Ù"

ã 2.5: (a)��ªpU>fû�C�«¿ã" (b)RHEEDiÿ��	ò)��

�n [152]"

2!äk�?�©��ªpU>fû�§U
¢yÅ�	ò)�"��ª

pU>fû�§aquX��û�§�´^pU>få�OX��"3���

)�L§¥§|^��Ý�Ð\�§uÿ���)�²�5Ú	ò�ê"Ù

äN�nXã2.5¤«"N�ÐpU>få���(�Ä¡�m�3��Ý�Y

�)�§>få3¬�?u)û�§�)õ?���û�^«"�)�û�^«

�>fåÚÄ¡�Y�§nNS�íØÚÄ¡�²�Ýk'µY�L�§nN

íØLp½öÄ¡Ø²�k"�§Ñk�U��û�^«Ø�ß",�À��

ãû�^«(���"?½ö�?^«S�ßþ!�«�)§?1û�rÝuÿ§

û�rÝ¬�X)���ê¥y±Ï5��§Xã2.5(b)¤«µ���L¡´

�����¬¡�(θ = 0)§û�rÝ�r"���UY)��§du¬¡þC
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã 2.6: (a)ý��¹eBa1−xSrxTiO3|Ü����ª>fû�rÝ���

)��±Ï5Cz§�ã�ý�^�e�^/û�^«" (b)$�Ø�¹

eBa1−xSrxTiO3|Ü����ª>fû�rÝ���)��±Ï5Cz§�ã

�$�Ø�¹e�^/û�^«"

X��f½ìq¬é>fåkÑ��^§Ïdû�rÝeü(θ = 0.25)"�C

X¡È�����(θ = 0.5)§û�rÝ��"��UY)��§#�¬¡��

Ü©«�®²/¤§û�rÝÒ¬ÅìOr§��#�¬¡��/¤(θ = 1)"

æ^�?�©���ªpU>fû�§Ì�´T��äkü?�ý�X

Ú§Xã2.5(a)§U
A^3�p�íØ��¹e"·�®²¦^RHEEDi

�Ba1−xSrxTiO3|Ü��)�§(JXã2.6§ÃØ3pý��´�p��ØG

¹e§ÑU
/¤þ!�ß�û�^«§¿�û�rÝLyÑ±Ï5��§L

²-1©få	òEâU
¢y���Å�	ò)�"

£3¤äk�õ�§S��XÚ§-1ªÇ§óÀê§ù��� �§£

Ä�Ç§qá�ÀJ§Ä¡��ÝÚ§Ý�ëêÑU
¢y§S�°(��§

?U
°(�¤¤�O�(��)�§~X�a|Ü��§É�(±9FÝ

þÝ���¶Ó�)�^�'�½§���¤õÇ�¬'�p"

2.2 ������LLL���EEEâââ999���nnn

�����¤��§I�é����þ?1L�"éuLa2−xCexCuO4±δ

��(|Ü)��§I�?1(�§L¡/m§�þ§¤©Ú��>5�5��
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1�Ù La2−xCexCuO4±δ�����L�

L�§e¡Ì�0�ù
L�¤I��Ü©Eâ9�n"

2.2.1 ������(((���LLL���

���(��L�Ì�|^X��û�Eâ§��´3¢�SÜ��

.X��û�C�ÚÓÚË�C�þ�¤"üö�«O3uX����)�ª

ÚrÝØÓ"¢�¿¥�X��C�Ì�´|^>fñÂ7áq�)X ��§

±Ôq�~µ3pý�¥>fñÂÔq§É�q¥�fØ¥Ô|��^$Ä

��ÝÚ��¬u)Cz§lu)Ü�Ë�§�)ëY(X��)Ì¶�p�

>f?\qÔ��§ÙÄU¬�Ô�S��>f¼�§S�>f¬øl�fØ

�åP<º§lS��Ñy� §	���>fÒ¬�S���[§l

�	Ë�X���)A�(X��)Ì§rÝ'ëYÌréõ"éuÔq§Ì�

kkα1§kα2 (L → K) Úkβ(M → K)n^A�Ì§¢�¥Ì�¬æ^kα1§Å�

�0.154nm"ÓÚË�Ì�´|^p�$Ä�>f3�/\�ìSëY�Äþ

Cz�)X��§duÓÚË�S>f�UþÚÄþ�CzëY�N§Ïd�

±�)Å����2�ëY(X��)Ì§�rÝ�r"¤±æ^ÓÚË�?

1(�ÿþ°Ý�p"

ü«Eâ�(�ÿÁ�n�q§e¡Ò±¢�¿SÜ��.X��û�C

��~§C�«¿ã2.6(a)"æ^X��L�(��§��¬?1θ/2θ×£§~

{�§ϕ×£Ú�´�m×£�§Ù«¿(JXã2.6µ(1)θ/2θ×£(é¡^

=ωÚθ)§Ì�&ÿ�����§U¼���kÃ,�½ö´Äk�	ò��

��3,Xã2.7(b)¤«§ü|°La1.9Ce0.1CuO4±δ��X��û�(J¶(2)~{

�(½θ§^=ω)^5L����	ò�þ§û�¸��p°�Ä§���	

ò5�Ð¶(3)ϕ×£(½θÚχ§^=ϕ)�´^5�y��	ò��þ§���

^=�±§3ØÓϕ��û�¸(û�¸��ê¬�ÿÁÀ��¬¡÷v�é¡

5�')pÝ��C§���	ò5�Ð¶(4)�´�m×£(^=ωÚ2θ)§�´

^5L���	ò��þ§TÿÁ�±¼���,�¬¡3�´�m�/G"

Ïdÿþ(J¼��¬¡�/G�����/§¿�û�«���§`²��

�	ò5�þ�p"

Ød�	§éu|Ü��§·�I�?1�m©E�X��ÿÁµ�

«X��û�"TEâæ^�à��X��1�§�Ü�£Ä��¬�§3

�gÿþ�L§¥éÓ��¬ØÓ� �?1(�ÿþ"Xã2.6(c)§d
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã 2.7: (a)X��C�«¿ã§äkω§ 2θ§ ϕ§ χ§ x§ y§ z-axes�^

=¶§éAXØÓ�ÿþ�ª" (b)La1.9Ce0.1CuO4±δ�X��û�(J"

(c)Ba1−xSrxTiO3|Ü��X��û�(J"

�Ba1−xSrxTiO3|Ü����«X��û�(J§�±�~�Ù�w�BaTiO3

û�¸�X�,ßÝ�Cz§Ù¥k�û�¸�©���U�¤�Øþ!k

'"XJI�é�¬�(�?1�\°[�L�§��±æ^N�û�¤½ö

ß�>º"

2.2.2 ������///mmm§§§þþþÝÝÝÚÚÚ¤¤¤©©©LLL���

��/m�©ÛÌ�¦^�fåw�º(AFM)�¤§Ä��nµ|^&ÿ

�kþ��f��¬L¡�m��f�m��p�^§¦&�ë��]:u

)�"&�]:Ó�ë�XåDaì§ÏL£Än��N��¬�§N!
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1�Ù La2−xCexCuO4±δ�����L�

ã 2.8: La2−xCexCuO4±δ��µ(a)ü|©���/m(J§(b)|Ü���/m

(J¶(c)ü|©���þÝÿþ(J¶(d)|Ü���þÝÿþ(J¶(e)ü|

©���R− Tÿþ(J¶(f)ü|°���M − T(J"

�¬�p$§¦&�3z�ÿþ:a���p�^å�Ó(&�Ú�¬L¡å

l�Ó)",�^à�1ì�]:�¡�:§^ �&ÿì&ÿ��1�� 

�Cz§=�¤]:�§Ý�Cz§?=���Ñ�¬L¡�/m"X

ã2.8(a)Ú(b)©O�ÊÏóÀ-1�È���ü|©�Ú-1©få	ò��

���|Ü�La2−xCexCuO4±δ ����"

���þÝÌ�æ^X����Ú×£>fw�â"Ù¥X�����nµ

æ^��Ý�X��Ð\�§���þL¡���1§���Ú�..¡��

�13,��Ý(T�Ý�üå1�1§��Ð���ê��Å�)u)û�§

�X�Ý�CzÑy�Z&ÒrÝ�±Ï5��§|^��±Ï§��Ú�.

�>f�Ý[Ü�Ñ���þÝ"ù«�{�¦��þL¡§��Ú�.�.

¡�²�§Ó���ØU�þ(�Ð≤ 50nm)§ÄKØN´�)��±Ï"×£

>fw�â§|^pU\�>f��¬�m��¬�^§U
¦L¡�f�	
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

��>f<º§�)�g>f§�g>f&ÒÌ�5g�¬L¡5 ∼ 10nm �

�Ý��§�rÝ����fSêvk²(�'X§Ïd|^Ù&Ò�rf

U
w«�¬�L¡/m�Ý¶d	pU\�>f��¬�p�^�)��Ñ

�>f�U
�NL¡/m§�´©EÇ'�g>f&Òféõ"^×£>º

*ÿ���¬��¡�/m�Ý§��  ��.��ÝØÓ§ÏdU
¼�

�¬�þÝ"Xã2.8(c)Ú(d)©O´×£>º���La2−xCexCuO4±δ ü|©

Ú|Ü���þÝÿþ(J"

���¤©L�Ì�´æ^UþÚÑÌ£X-ray Energy dispersive spec-

trometer§EDS¤ÚÅ�ÚÑÌ£Wavelength dispersive spectrometer§WDS¤§

üöÑ´>fw�º�Ná��§Ì��nÄ��Óµ|^pU>f\�

�¬§3�¬S�f�S���)�Ç§��	�>f�S���[�)I

£X��§ØÓ��f�I£X��ØÓ"UþÚÑÌÌ�´ÿþù
I£X�

��UþÚrÝ5EO�f�«aÚêþ§l?1¤©©Û¶Å�ÚÑÌ

K´ÿÁI£X���Å�ÚrÝ§©Û�f�«aÚêþ"�'ó§Å�

ÚÑÌ�©EÇ'UþÚÑÌr�
§éu|Ü����æ^Å�ÚÑÌ?1

¤©©Û"

ã 2.9: (a)õÏ�¯�ÿþ\¢Ôã"(b)õÏ�¯�ÿþ\&�²�"(c)Ù¥

��Ï�R− Tÿþ(J"
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1�Ù La2−xCexCuO4±δ�����L�

2.2.3 ������ÄÄÄ���ÔÔÔ555LLL���

���¬�Ä��5�´äk">{ÚòdB�A§ùü«5��

ÿþ��¬3nÜÔ5ÿþXÚ(PPMS)Ú^5ÿþXÚ(MPMS)�¤§X

ã2.7(e)Ú(f)´3ùü�XÚS¼��La2−xCexCuO4±δ���R−TÚM −T
�"PPMS�Ø%Ò´S��£���ì§MPMS�Ì�Ü©Ò´��þf

Z�¤"éu���¬§�¤1��§3PPMSXÚ�U�¤p��K14T�

^{Ú¿�ÿþ"ÏL	�ÿþ\Úÿþ��§U
�¤�õ�°[ÿþ§~

X9Ñ$§:�>�ÿþ"

�
¯��ÿþ|Ü��ØÓ«��>{§·��O
Äu&�
��ÿ

þ\§Xã2.9¤«"3Ø?11���¹e§U
�¤12Ï��>{ÿþ"X

Jé|Ü���¬?11�§1�ã�Xã2.9(b)§U
?1^>{Ú¿��

¯�L�§�~��B¯$"

ã 2.10: ØÓ)�§Ý�La2−xCexCuO4±δ��X��û�(J"
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

2.3 La2−xCexCuO4±δ������òòò»»»LLL§§§©©©ÛÛÛ

La2−xCexCuO4±δ���)�Ì�²{���ÈL§Úò»L§§�ÈL

§�Ì�Ï��)�.§Ý§�Ø§��/GÚ-1ªÇUþ�¶ò»L§�

Ì�Ï��ò»�m§§ÝÚ�Ø�"32.2!®²0�L§óÀ-1�È'

�Ï�µ��"3La2−xCexCuO4±δ��)�L§¥duI�¿�§n���

�/G´Ç1�/G"í����ZíØ�10−1 ∼ 10−2Torr§3n��íØ�

�S§ÏLN!-1�à�G¹§I�ò��N!��÷�Ç1/G"�´

-1�UþØU�p§���þà�Ðål�.k2 ∼ 3mm�ål§~��

í�"�
¦��U
�G)�§�·���-1�ªÇ§¦âf3�.L

¡kv
�µþ�m§;��G)�"d	§ManthriamÚGoodenoughJÑd

uLn-O�ÚCu-O��X§ÝO��9)äXêØÓ§Ïd�±ÏL��Ü¤

§Ý5¢yT/T′���� [143] [144]"·�ÏLN!)�§Ý§uy���(�

�§Ý�,pÑy²w�Cz§Xã2.10¤«µ�í�§Ý�500◦C�§���

k(103)��§¿���é�§`²T§Ýe�.L¡�-¹UØv§âféJ

�È3�.L¡§��L§'�ì�¶�X§Ý�,p§(103)��Åì~�§

Ó�T′�û�rÝÅìO�¶�720◦C �§(103) ������§��´T′(

�¶�X§Ý2Ý,p§T�(�Ñy¿�ÅìO�"Ïd�ÏL��§Ý¢

yT/T′����"

ã 2.11: >f.Ô�zÔ¬�¥�� �«¿ã [153]

>f.Ô�zÔ�ò»L§´�¬¼���>5�'�§�´Ån8c

E?u�Æ�¥"Xã2.11¤«§3>f.Ô�zÔ¥§��f��kn�

�� � [153]§ÏLéò»L§�ïÄ§8co�kn�*: [46,110]µ(1)�ò
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1�Ù La2−xCexCuO4±δ�����L�

ã 2.12: >f.Ô�zÔLa1.9Ce0.1CuO4±δ��=C§Ý�Xc¶�ÝO\¥y

�º(dome)�/G"

»��¬duÔ�f�"�§õ{���f
�,�A§¤±�¬Ø¬Ñ

y��>5¶ò»L§¬3Û��)R2O3�M)�§lÖ�"��Ô§l

�)�� [154]¶(2)3�ò»��¬¥�3�þ�T�(�§õ{�º:

�(3O(3) ���)¬��Ñ�¥%»�¥]é�/¤"ò»��^Ò´�

ØùÜ©º:�§l¼��õ�T′�(� [155–158]" (3)ò»L§�Ø��Ø

´º:�§3$�,«�Ø�´O(2) ���§p�,«�Ø�´O(1) 

���¶3Ô�¡S�3�� U
»��c^S§p��� [159]"·�3)

�La2−xCexCuO4±δ ��L§¥§3�Z¤��§Ý«mS§4jò»��¬

3X��û��(J¥¬�3T��û�¸§¿��Xò»�m�O\T�û�

¸rÝ~�����§�y²
ò»L§�3�Øº:��L§"AO´1

N���Ñy§~XPr2CuO4±δ§½öT�La2CuO4±δÏLò»�±/¤T′�(

�§�3,«§Ý�y
ò»L§U
�Øº:�"Ød�	§·�o(
�

þ�Z�,��¬c ¶�ÝÚ��=C§ÝTc0�'X§Xã2.12¤«µäk�

�>5��¬�c¶�Ýäk�½��§XJ�¬�c¶�ÝØ3ù���S§

ÒéJäk��>5¶����¬�=C§ÝTc0�Xc¶�Ý�O\�¥y

���º(dome)�/G§`²ò»L§éu�>5�K���,�J��¶Ó

�§�Xò»�m�O�§�¬�c¶�Ý�¬~�§`²ò»L§¬ �Ô

�¡�m�ål§k�U¬?�ÚK�U�(�§�dÓ�§du�¬S��

¹þØÐO(I½§¤±�±A^c¶��ÝI½��¬S�¹þ�Cz"
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1nÙ >f.Ô�zÔLa2−xCexCuO4±δ¡S^>{Ñ$A5ïÄ

111nnnÙÙÙ >>>fff...ÔÔÔ���zzzÔÔÔLa2−xCexCuO4±δ¡¡¡SSS^̂̂>>>{{{ÑÑÑ$$$

AAA555ïïïÄÄÄ

ÏL&Ä>f.Ô�zÔ¡SÑ$A5§éÙ�~��5�§AO

´�c^S5��ïÄ§äk4Ù��¿Â"�^|²1uÔ�¡�§

3Pr2−xCexCuO4±δNXS§¡S^>{�X>6Ú^|Y��Czäkoé

¡5��é¡5��¶3La2−xCexCuO4±δNXS§¡S^>{�X>6

Ú^|Y��Cz¥y�é¡5§ù
é¡51�²L�YïÄÑy²�

�c^S�'¶3Pr1.3−xLaxCeCuO4±δ NXS§¡S^>{�>6Ú^|�Y

��Cz¥y�oé¡5�y²�spin-flop�C�'"Ó�§¡S^>{�

É~1�§~XK^>{§�5^>{�§�  �ÛÉ�g^Ñ�§$�´

þf�.5'é3�å"ÏdïÄ>f.Ô�zÔ�~�¡SÑ$�A5§é

ïÄÙSÜ�'�Ñ�Å�§&ÄõkS�k��¿Â"Ïd§·�éØ

ÓCe¹þÚ�¹þ�La2−xCexCuO4±δ�¬?1
¡S^>{�ÿþ§&ÄÙ

ÛÉ�Ñ$A5�å±9NXS�«kS�§~X��>5Ú�c^S�m

�'é"

3.1 ¢¢¢������µµµ

Ô�zÔ§��8c~Øe�p">{=C§ÝV¹��±ö§�d>(

ÍÜåÌ��^�DÚ��N�3é��ØÓ"Ò(�ó§Ô�zÔ´O�

���G(�§dÔ�¡Ú16f¥���Oü�¤£Ø
�þ�Ã��(

�¥vk16f¥��¤"Ò5�ó§Ø
��S�	§Ô�zÔS��3

�c^S§g^�ÝÅ§>Ö�ÝÅ�kS� [45,46]"Ïd�
n)����é

Ån±9�«Sëþ�m��p'X§éÔ�zÔ�~�A5�ïÄÒ�~�

k7�§Ù¥§^>{  ¬����A5�2��ïÄ [160]"

3Ô�zÔ¥§�X�,'~�O�§á�NXS��c^SÅì~f§

���S�)�§�§�c^S��"AO´3>f.Ô�zÔ¥§�c^S

��,O�����\�ú [46]§ÏdïÄNXS�c^S��,�üz§±9

Ù���S�m�'X§é&Ä��ÅnkX��¿Â"éu��NX§�

31



Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

^|²1uab¡�§Ùab¡SÑ$�Ñ�Ì�dg^Ñ��z¶ÏdïÄØÓ

�,�¹e�¡SÑ$A5§éuïÄÔ�¡�g^A59ÙéNX�~�5

��K�k�~��¿Â"

gÔ�zÔ�uy±5§Ù¡SÑ$A5§AO´^>{�A��


2��ïÄ"~X§3�Ç.Ô�zÔBi2Sr2CuO6±δ¥§�^|B²1

uc¶�§ÙK^>{1�ÎÜ��fÛ�znØ§�N
TNX�K

^>{1���¬���Øþ!5���' [161]¶Preyer�<uyµ�

^|B²1uab¡�§La2−xSrxCuO4±δ (0.02≤ x ≤ 0.1)�¬�¡S^>{

¥yÑK^>{�1�§TÛÉ�^>{1��8(��~�g^Ñ

� [162]"3>f.Ô�zÔ¥§aq�ÛÉ^>{1�§~XK^>{

Ú�5^>{§���
2��ïÄ"éuK^>{§Fournier �<u

y3Pr2−xCexCuO4±δNXS§�^|BR�uab¡�§K^>{1�ÎÜ

��fÛ�znØ [163]§��Ç.Ô�zÔ1�aq¶�Sekitani�<ÏL

éNd2−xCexCuO4±δ§Pr2−xCexCuO4±δÚLa2−xCexCuO4±δn�NX�K^>{

1�ïÄuyµK^>{1���)�^|Ø�Ô�¡S�Cu2+lf�Ñ

��'§Ó�K^>{�^|�Czª³÷véê¼ê§�ÑùA�NX�

K^>{1��CBÑ��' [164]"Ó�§�5^>{���
2��ïÄ§

3Pr2−xCexCuO4±δ NXS§Ùj�,«��3�5K^>{
[165]§3�Z

�,NC§Ñy�5�^>{ [166]"3Nd2−xCexCuO4±δ NX�j�,«��

�3aq��5K^>{ [167]"Ød�	§�^|B²1uab¡�§¡S^>

{�^|Ú>6Y��CzLyÑ��½öoé¡5�y²��c^

S�'"~X§3Pr2−xCexCuO4±δNXSoé¡5Ú�é¡5��
[125]§

La2−xCexCuO4±δNXS�é¡5
[130]ÚNd2−xCexCuO4±δ NXS�oé¡

5 [168]§Ù����,ßÝéAX�c^S�>."

3>f.Ô�zÔ¥§Ø
Ce�,�	§�¹þ�Cz�¬éá���~

�5�ké��K� [46]"3Pr2−xCexCuO4±δNXS§ÏLéØÓ�¹þ��

¬?1^>{Ú¿��A�ÿþ§uy�¹þ�Czéá�5��K�Ì�

�)�,�AÚÃS�A [169]"¥fÑ� [124]ÚÑ$ÿþ [125](JÑL²�Xò

»�m�O\§NXS��c^SrÝÅì~f"ÏLéLa2−xCexCuO4±δ�

Z�,��¬?1r^|�^>{Ú¿�ïÄ§uyò»L§�¬K��§

�c^S�>.µ��jò»��¬��c^>.¬�pCe �,«�£Ä§

��ò»�Nd2−xCexCuO4±δ�¬�¥fÿþ(J���
[170]"�Cej�,«
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1nÙ >f.Ô�zÔLa2−xCexCuO4±δ¡S^>{Ñ$A5ïÄ

ã 3.1: (a)ØÓCe�,�La2−xCexCuO4±δ���¬R − T(J"(b)ØÓCe�,

�La2−xCexCuO4±δ���¬3B = 14T�¿�Xê�§Ý�Cz [130]

���¬�aq§jò»�Nd2−xCexCuO4±δ�¬¬ÑyK^>{1�
[171]§Ó

�¿�Xê�¬�K�«�£Ä [155]"d	§�X�¹þ/~�§ uÙp

�«(π/2, π/2)NC��Ç�Åì�¤�¡þ�£Ä§/��0�k�¡ÈÅ

ìO� [139]"8c§�,'uCe�,Ú�¹þé>f.Ô�zÔ5�K��

ïÄ®²mÐ
éõ§�´"�QN!�qN!Ce¹þ�ó�§Ïd·�À

�La2−xCexCuO4±δNXmÐ
XÚ�ïÄó�"

3.2 ¢¢¢���ÿÿÿþþþ

3.2.1 ���¬¬¬������

La2−xCexCuO4±δ���¬´|^pUóÀ-1�È��{¼�"ÙÌ�

�í�^�µ�È§Ý�700◦C§�Ø�1.5 × 10−1Torr§í��m�20min"

�È(å�§�¬I�3pý��^�e?1� ò»?n§l¼���>

33



Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

(a)

(b)

ã 3.2: (a)Hall barx´«¿ã¶(b)Y��45◦�^>{ÿþx´«¿ã

5"ÏLéØÓCe¹þ�¬£x = 0.06, x = 0.07, x = 0.08, x = 0.10, x = 0.11

Úx = 0.15¤�ò»�m?1°[/N!§·�¼�
z�Ce �,ßÝ��

=C§Ý�p¿�=C«m�Ä��¬§=��Zò»��¬"ØÓCe�,

�Zò»�¬�R − T�Xã3.1(a)¤«µéuj�,�¬§3��=C�

c§>{�X§Ý�ü$¬Ñy��þ��1�§=ý�51�¶éu�Z

�,ÚL�,�¬§3��=C�c§�¬�Ü¥y7á51�"éuCe�

,�x = 0.15��¬§°[/N!Ùò»�m��á§¼�ØÓ�¹þ��

¬µ�ò»�¬(as-grown samples§vk²{ò»L§��¬)§jò»�¬

£short-annealed samples§²{�ò»�m'�Zò»�má)§�Zò»�

¬(optimally annealed samples)ÚLò»�¬(over-annealed samples§²{�ò

»�m'�Zò»�m�)"
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1nÙ >f.Ô�zÔLa2−xCexCuO4±δ¡S^>{Ñ$A5ïÄ

3.2.2 ���¬¬¬���¡¡¡

La2−xCexCuO4±δ���¬���¤��§�
?1¡S^>{�ÿþ§·

�I�ò�¬��¤Xã3.2(a)¤«�x´/G(=Hall − barx´)§x´�

�l§°�w"3I+ÚI−>4�m\>6I§3V +
L ÚV

−
L >4�mÿþp�>Ø

üVL§�±¼�p�>{¶3V
+
HÚV

−
H�mÿþî�>ØüVH§�±��î�

>{§=¿�>{",��âúª

ρxx =
VL
I

dw

l
, ρxy =

VH
I
d (3.1)

�Ñ¿�>{ÇρxyÚp�>{Çρxx§Ù¥d´���þÝ§l´ü�p�>Ø

>4�m�ål§w´x´�°Ý"

ã 3.3: (a)Ú(b)�3>6Ú^|�Y��θ = 0◦, 45◦Ú90◦§�,�x =

0.08�La2−xCexCuO4±δ��3ã4.2(b)¤«�Y��45◦�ü�x´ÿþ��

�^>{"(c)Ú(d)��éA�¡S^>{�>6Ú^|Y��Czª³ [130]

TX���x´���L§Ì�©�üÜ©µb	1�Ú�lf�¡"Ù

¥§b	1�Ì�©�Q�§b	Í1ÚwKA�L§§äNö�XeµÄk

¦^!�Å§3��L¡þ!æ!��1��§ÙþÝ�Q��=��'",

�ò�¬��3110◦C�\9�þó�60s§¦��L¡�1��CÊÈ¿�U
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã


;Å3��L¡"��|^b	Í1��±9ù��§ò¤I�x´/G<

31��L¡§Í1�m�1���þÝ¤��'�'X§��1���þ¤

I�Í1�m��¶XJÍ1�mLá§x´/G¬Ø�ß§���mL�§

x´¬CÄ$�k�UäK"��?1wKö�µXJæ^�´��§KwK

L§¬ò�Í1�1���Ø§XJæ^�´��§KwKL§¬r�Í1�

1���K¶wK�m��á�1��þÝ9Í1�mÑ�'§I��âùü

�^�Ïé�Ü·�wK�m"XJwK�mLá§KwKã�Ø�ß§¿�

�Í1�Ü©¬Ñy^«G�ãY¶XJwK�mL�§K�¬x´L¡�ô

Ú¬¥yV�Ú§¿�x´¬CÄ"XJ�m��§x´/G�¬C�Ø�

ß"b	1��¤�§2é�¬?1�lf�¡§TL§Ì�´|^�>��

lf§òx´Ü©�	����Ø"TL§��ÏéÜ·��mµXJ�mL

á§K�x´Ü©����ØØ�.§x´��Ø¤õ¶XJ�¡�mL�§

Kk�Uòx´Ü©����K�Ü©½ö���Ø"�¡L§��¡�Ý§

�âfå6§\�>Ø§¥Ú>Ø�Ñk'X§I�c[N!��ëê§Ïé

Ü·��¡�Ý��¡�m"

3.2.3 ���¬¬¬ÿÿÿþþþ

TX��¬�R − T§¿�>{ÇÚ¡S^>{ÿÁ�Ü´3�k14T^

N�PPMS��S�¤"ØÓCe�,�Zò»��¬R − Tÿþ�§Ý«m

�2 − 300K§¿�>{Ç�ÿþ´3B//c¶�^�e�¤µæ^½§×|

��ª§ÿÁ§Ý�2 K§^|���-14 T - 14 T"ØÓCe�,ÚØÓ�¹

þ�¬�¡S^>{´3B//ab¡��¹e¼��§^|���-14 T - 14

T¶éuLa2−xCexCuO4±δ NX§¡S�þ�.|
[172]p�34 T§���Þ

á [129,173]�3�þ�§Ý��30 K§Ïd�
;���Þá�K�§�,

�x = 0.06, x = 0.07, x = 0.08, x = 0.10Úx = 0.11 �¬�ÿÁ§Ý�35K"é

uØÓò»^��x = 0.15��¬§3Tc(∼ 13K)±þÄ�vk��Þá§Ïd

ÿÁ§Ý½315K�Ø¬k��Þá�K�"�
(��¬�ab¡ýé²1u

^|���§��O
ü�Y��45◦�x´§Xã3.2(b)¤«§3Ó���¬

þ�¡Ñùü�x´§3B//ab¡��¹e§�¬÷Xc¶^=360◦§XJlù

ü�x´þ���^>{&Ò�X�ÝCz�ª³ÚÌÝÄ���§K`²T

�¬3ÿÁ�ab¡ýé²1u^|B���"
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1nÙ >f.Ô�zÔLa2−xCexCuO4±δ¡S^>{Ñ$A5ïÄ

ã 3.4: �B//ab¡�§ØÓCe�,�Zò»�La2−xCexCuO4±δ��¡S^>

{�^|�Czµ3(a)x = 0.06Ú(b)x = 0.07�§�¬Ly�K^>{�A§

3(c)x = 0.08§(d)x = 0.1§(e)x = 0.11Ú(f)x = 0.15§�¬Ly�¡S�^>

{

3.3 ¢¢¢���(((JJJ

ØÓCe�,��Zò»�¬�R − TêâXã3.1(a)¤«§�¬���=

C«m���2K§¿��Z�,ÚL�,��¬vkþ�1�§�¬äk

�p��þ"��·�32K��¹e?1
¿�ÿþ§Xã3.1(b)¤«§�

,�x = 0.15��¬§¿�Xê´��§��X§Ýü$CzÌÝØ�"�

XCe�,ßÝ�~�§¿�Xê�N�K��£Ä§L²ë�Ñ$�>fÅì
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã 3.5: �^|B�>6I�Y��0◦, 45◦Ú90◦�§(a)�ò»�¬Ú(b)jò»�

¬¡S^�^|�Czª³"

Oõ"¿�éuz�Ce�,ßÝ§3$§ã¿�Xê¬�§ÝCzÑy��²

w�$:§$:��¿�Xê�§ÝCz���ÇÑy²w�Cz§ù�L

²3$§«>féÑ$��zÅìO�"�
y²ÿþ�^|��²1u�

¬�ab¡§·�3���¬þ1�
Xã3.2(b)¤«�x§,�ÿþ�4�¬

7c¶^=�±§uyü�x´�Czª³ÚÌÝ��§Ù¥���,��¬

�(JXã3.3¤«§y²^|´��²1u�¬�ab¡§¿��¬�Ý�6�

�é¡5Ú>6���Ã'"��·�éz��¬?1
¡S^>{Ñ$�

ÿþ§äN(JXe"

ã3.4Ð«
B//ab¡�§ØÓCe¹þ��Zò»�La2−xCexCuO4±δ��

�¡S^>{1�"Xã3.4¤«§�x = 0.06�§3B//IÚB⊥I�§¡S^>
{ÑLy�K^>{1�"�x = 0.07�§3B//I�§¡S^>{Ly�K^

>{¶�´3B⊥I�§$^|e¡S^>{Ly��^>{§p^|eLy�
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1nÙ >f.Ô�zÔLa2−xCexCuO4±δ¡S^>{Ñ$A5ïÄ

ã 3.6: éu�Z�,x = 0.1��¬§�^|B �>6I�Y��30◦,45◦§

60◦Ú90◦ �§¡S^>{�^|�Cz"�ã��^|B ¦±��n�¼

êsinθ�§ØÓY�¼��^>{�^|Cz��ÑÜ��^��"

K^>{"3x = 0.07Úx = 0.08�mu)�K¡S^>{�=C"T=C�

�.�,�µSR¼��·��c^S>.���"��,ßÝpux = 0.08�§

3B//IÚB⊥I�§�¬ÑLy�¡S�^>{"T�^>{�A3�,�x =

0.15�ÒéJ�*ÿ�
"

��·�ïÄ
�¹þé¡S^>{Ñ$�K�µéCe�,�x = 0.15�

ØÓò»��¬?1
¡S^>{Ñ$�ÿþ§(JXã3.5¤«"éuvk

ò»��¬§3^|BÚ>6IY��0◦, 45◦ Ú90◦�§ÑLy�¡SK^>{

�A"éujò»��¬§3^|BÚ>6IY��0◦, 45◦Ú90◦�§$^|

eÑLy�K^>{§3p^|�Ly��^>{"éu�Zò»�¬§X

ã3.4(f)¤«§3B//IÚB⊥I �ÑLy��^>{"�Xò»�m�UC§Ñ
yaq�K^>{=C�y�3Ù§éõNXp�*ÿ� [171]"

-<¯Û�´§Xã3.4£a¤¤«§�B⊥I�§x = 0.06�j�,�¬L

y��5K^>{"3�Z�,NC§x = 0.1Úx = 0.11�,��¬KLy
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

��5�^>{§Xã3.4(d)Ú(e)"éu�Z�,��¬x = 0.1��¬§�·

�é^>{Ú^|�'X�?�Ú�?n�:ò^|¦±��n�¼êsinθ§Ù

¥θ�^|BÚ>6I�Y�§@o3ØÓY�θe¼��^>{�^|Cz�

ª³§Ñ¬á3�^��þ§Xã3.6�ã¤«"ù3,«§ÝþL²^|÷X

R�u>6�©þ�z�5^>{"aq��5^>{1��C�3ÿÀý�

N [174]ÚÿÀ�7á [175] �á�¥uy§�Ô�zÔ¥day��Ån�3&

¢�¥"

3.4 ©©©ÛÛÛ���???ØØØ

3dó�¥§·�Ì���
�eA�ÛÉ�¡S^>{Ñ$A5§X

ã3.7¤«µ(1)éu�Zò»��¬§K^>{��^>{�=Cu)3Ce�

,x = 0.07Úx = 0.08�m§�µSR���n��c^S>.��§Xã3.7�ã

¥�bÚ�:¤«¶34$Ce�,«�§Xã3.7¥�7Ú«�§�Zò»��

¬Ly�¡SK^>{1�"(2)aq�K^>{��^>{�=C�ÏLN!

�¬S��¹þ*ÿ�¶(3)3�Zò»�j�,�¬x = 0.06§3B⊥I�*
ÿ��5K^>{§3�Z�,NC§�Zò»��¬x = 0.10Úx = 0.11*

ÿ��5�^>{§Xã3.7¥�(Gã/¤«"e¡·�Ì�?ØùA�y�

�å"

3.4.1 ¡¡¡SSSKKK^̂̂>>>{{{���ååå

éuÛÉ�K^>{1�§3>f.Ô�zÔ¥Ì�æ^��fÛ�zn

Ø [163]§CBÑ�ã� [164]ÚCNF network�.5)º"éu��fÛ�z§3

��NXp¡§��¬÷Xa ¶½öb¶^=�§b�^|Ú�¬L¡�m�

Y��θ�§^>{��Ýθ�Czª³÷vsine¼êµ�^|BR�uab¡�§

�¬�^>{�A��§�^|²1uab¡�§�¬vk^>{�A [176]"�

´éuLa2−xCexCuO4±δ��§�^|B²1u�¬�ab¡�§�Î�3^>{

�A§Ïd��fÛ�znØØU^5£ãþã�^>{1�"éuCB�

A§^>{�X^|�Cz÷véê¼ê"�´3La2−xCexCuO4±δ��¥§�

3¡S��5^>{1�§ùØ÷vCBÑ�Å�§¤±CBÑ�ØU^5

)ºLa2−xCexCuO4±δ��¥�^>{1�"¡S^>{�K=C��,ßÝ

�·��c^S>.��§�N
$�,«��K^>{1��c^S�'"
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éu>f.Ô�zÔ§Ùj�,«���¬�3���"� [126]§¬Úå�¬

�Øþ!5§���¬�U�3ü�½öõ���"|^·�3N¹¥0�

�CNF network��.§U
éLa2−xCexCuO4±δr^|e�K^{1�?1[

Ü§�¢�¥�¡SK^>{1��dnØ�.�'��Î§äNÔn)ºX

e"

ã 3.7: >f.Ô�zÔLa2−xCexCuO4±δ3T = 35K���ã"��,ßÝ$

ux = 0.07�§¢�*ÿ��¬Ly�¡SK^>{"¡S^>{dK=��

�u)3�,ßÝx = 0.07Úx = 0.08�m(X�ã¥bÚ�:)"�,ßÝp

ux = 0.08�§�¬ÒLy��^>{§¿��^>{�A3x = 0.15ÒéJ�

*ÿ�
"3�,ßÝ�x = 0.06§x = 0.1Úx = 0.11�§Ñy�5^>{�

1�"�ã�La2−xCexCuO4±δ�,Ú§Ý��ã"�§�c^>.£�Ú�¢

�¤´dµSRÿþ���"

Äk·��ÄCej�,«��K^>{1�"�â·�N¹nØÜ©�0

�§3>f.Ô�zÔ¥§�>f��,�Ô�¡��§¬/¤g^;��4

zf"T4zf¬~f¡�¡�m±9¡S��c^ÍÜ"��,�þ�>f

�§du�)�g^;�4zfê8��§Ø¬��»�·���c^ÍÜ§

Ïd·��c^S¬��½�3���.�,ßÝ"�X�,�>fê8

Oõ§ù«g^;�4zf�ê8¬ÅìOõ§���.�,ßÝu)�C§
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

/¤CNF network"3/¤network�c§NX�Nþ´�c^S§3Ù¥�3

�þ�g^;�4zf"dud�Ô�¡´ý��§>fÌ�34zfSÜ±

94zf�m$Ä¶34zf�m�$Ä´ÏL�B�A¢y�"du¡�¡

�m��BAÇé�§Ïd��Ä>f3¡S�4zf�m��B�A"�^

|�3��ÿ§ù
?u4zfS�>f�g^¬u)4z§l¬ü$g

^Ñ�§>{~�§=�)K^>{�A"�X�,�UYO�§g^;�4

zf�ê8�5�õ§Ó�4zf�¬»�¡�¡�m±9¡S��c^Í

Ü"�Ce�,ßÝ���.ßÝ§=x = 0.08§·���c^S�»�§CNF

network/¤§�dµSR¼��·��c^S>.��§Xã4.7�ã�bÚ�

:¤«"Ô�¡C¤�>�§>f�±3Ô�¡þ£Ä§d�>f34zfS

Ü9�m�$ÄL§Òw�Ø´é�§4zfSÜ�g^4zÒ¬C�é

f"ÏdK^>{�A��§lK^>{��^>{�=Cu)3T�.�,

ßÝx = 0.08"

,�·��Äjò»�¬S�3�K^>{1�"éu>f.Ô�zÔ§

¥fÑ� [157]ÚÑ$ÿþ [169]¼�µ�²ò»?n��¬¬�3�þ�T�§

ò»L§��^Ò´Ø�T�¥CuO6l¡N�º:�§l¦���¬Ñ¦�

U¦T′(�"Ïd��¬�ò»�m�u�Zò»L§��m�§�¬S¬�

3�þ�º:�"Ñ$ [125]Ú¥fÑ� [124]ÿÁÑL²�Xò»�m�O\§

�¬S��c^SrÝ¬~f"�þ�º:�¬p��c^S��)µ£1¤�

	\^|�§^|¬Ø��c^S§l�)K^>{¶£2¤3CNF network

��.e§duº:���3§¬K�Ô�¡S��P;��4z§lØ|

ug^;�4zf�/¤§Ïd¬~�Ô�¡Sg^;�4zf�ê8"Ïd

éu�,�x = 0.15��¬§�,3�Zò»��¹e§�¬SÜØ�3�c

^S"�´Ü©º:���3§¬p��c^S§Ó��¬~�g^;�4

zf�ê8"Ïd3ÛÜ«�§du�c^S��3§Ô�¡¬2C�ý�

�§��,�>f¬3g^;�4zf�mu)�B�A"¤±�	\^|±

�§ù
4zfS�>f�g^¬u)4z§ù«4zU
E¤K^>{�

A§�x = 0.06Úx = 0.07�K^>{�A�aq"

3.4.2 ¡¡¡SSS���555^̂̂>>>{{{���ååå

éu�5^>{§Ì�ke¡n«)ºµ(1)þf^>{§(2)oÚ�>

{ì��§(3)�ÝÅ�C"AbrikosivJÑ���NX?uþf4��¹e§
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=¤k�>fÑ�,31�K�U?§�5�þf^>{¬Ñy [177]"3

�La2−xCexCuO4±δNX5��q�Pr2−xCexCuO4±δNXS§?1r^|Ñ$

ÿþ�uy�^|pu60T�§þf��â¬Ñy [136]"þf���K�U

?EE�'µ�X^|�O\§K�U?�måO�§¿�lp�$Å��L

¤�¡"3dL§¥§>f���ÝÑy±Ï5���§Ïdéõ���Ý�

'�Ônþ�X^|�CzÑyþf��"¤±§Pr2−xCexCuO4±δNX3p

u60T�âÑyþf��`²K�U?3p^|�/eâ¬Ñy"3$^|e

£B ≤ 60T¤NXSØ¬/¤K�U?§Ïd�¬Ø�U?uþf4�G�"

3La2−xCexCuO4±δNXS§Ù¡S�5^>{3^|�u14T�Ò®²Ñy


§ÏdT�.ØU
)ºT�5^>{1�"

ParishÚLittlewoodJÑ3��Øþ!�XÚS§T�¬�±�@�´�

�déõoÚ�>{ì|¤��� [178]§Xã3.8¤«"3?1^>{ÿþ�§

3,
ÛÜ«�S¢Sþÿþ¼��&Ò´¿�&Ò"XJTNX�¿�&Ò

�X^|�Cz´�5�§@oÒ¬Ñy�5�^>{1�"3Ô�zÔ¥§

RIXSÿþw«3ab¡S�¹þ�©Ù´Øþ!� [179]¶Ó�µSR ÿþuy�¬

S�^5�rÝ÷Xc¶kFÝ�©Ù [126]§ù
Ñ�N
>f.Ô�zÔ�¬

SÜ�Øþ!5§Ïd3ØÓ�Ô�¡�mk�U�3oÚ��>{ìµ÷

Xc��kM�ü�§÷Xa½öb��kN �ü�"�·�?1ÿþ�§�Nþ

>6´÷Xa ��§�´du�3oÚ�>{ì���(�§3,
ÛÜ«�§

>6k�U÷Xc��§^|´÷Xab¡§ÏdTÛÜ�>6U
�z¿�

&Ò§¿�T¿�&Ò3ab¡S��^|��R�"3>f.Ô�zÔj�

,«�§¿��A [180] Ú�©E>fUÌ [133]Ñy²3¤�¡þ�k>f��"

ü��¿�&Ò�^|¥�5Cz§ÏdU
Úå�5�^>{1�"�^|

��R�u>6���§�^|�5Cz�¿�&Ò÷Xa��§=�>6�

���Ó§d��5^>{AT1��\²w§ù��·��¢�(J��µ

Xã3.4(a)¤«§3�,�x = 0.06�§�5¡SK^>{3^|���>6�

�R���\²w"ÏdoÚ�>{ì��(��.�¡S�5K^>{��

Ün�)º§T�5K^>{Ì�´d�^|�5Cz�¿�&Ò�z"T�

.�U
Ün)ºÙ§>f.Ô�zÔj�,«��K^>{1� [165]"�´

3�Z�,NC§¿�&Ò�X^|Ø3´�5Cz§Ïd�Z�,NC�¡

S�5�^>{ØU=^oÚ�>{ì���.5)º§§�åI�?�Ú

�ïÄ"
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ã 3.8: (a)oÚ�>{ì«¿ã¶(b)Øþ!��¬S§oÚ�>{ì��«¿

ã [178]"3La2−xCexCuO4±δXÚS§T��(��@��^>÷Xc¶��§,

	�^>÷Xa ½öb �� [178]"

Ød�	§�5^>{�y²k�U�3u�ÝÅ�CNC [181]"d�§

d�ÝÅ�C���¤�¡�¬�)aq/cusp0�¤�¡§^>{Ì�d

T/kà0NC�Ü©Oâf�z§Ïd¬���)Û��5^>{�A"

�3La2−xCexCuO4±δNX�Z�,NCk�U�3g^�ÝÅ�C§¤±�

ÝÅ�C´�Z�,NC¡S�5�^>{��«�U)º"�´�ÐTO�

´3^|R�uab¡��¹e�¤�§ÏdT)ºI�?�Ú�ïÄ"

3.5 ���ÙÙÙ���(((

�Ù·�ÏLc[/N!La2−xCexCuO4±δ���ò»�m§��Ñ�X�

�Zò»�ØÓCe�,��¬§±9Ce�,�x = 0.15�ØÓ�¹þ��¬"

?3^|B//ab¡�§ïÄ
La2−xCexCuO4±δ�~��¡S^>{�A�

XCe�,Ú�¹þ�Cz§Ì�(JXeµ(1)éu�Zò»��¬§�Ce�

,ßÝ$ux = 0.07�§�¬Ly�¡SK^>{1�¶¡S^>{dK��
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1nÙ >f.Ô�zÔLa2−xCexCuO4±δ¡S^>{Ñ$A5ïÄ

�=Cu)3Ce�,�x = 0.07Úx = 0.08�m§�dµSR¼��·��c^

>.��"��,pux = 0.08§�¬Ly�¡S�^>{§¿�d�^>{

�A3x = 0.08ÒÄ�*ÿØ�
"(2)ÏLc[N!Ce�,�x = 0.15��¬

�ò»�m§uy�ò»��¬Ly�¡SK^>{¶jò»��¬3$^

|eLy�¡SK^>{§�3p^|eLy�¡S�^>{¶�Zò»

��¬KLy�¡S�^>{"(3)3j�,x = 0.06��¬S*ÿ�¡SK^

>{§3�Z�,NCx = 0.1Úx = 0.11��¬S§*ÿ�¡S�^>{"

Ó�·�uy3Ce4j�,�±9jò»��¬S�K^>{1�ÎÜCNF

network��.§U
|^�c^SÚg^;�4zf����.5)ºTK

^>{1�"Ó�3Cej�,«��3�5K^>{�1�ÎÜoÚ�>{ì

���.§ u�Z�,NC��5�^>{1��5é��U��ÝÅ

�C�'"ù
uyé>f.Ô�zÔ�~�5��ïÄ�
�
#�@£§

�´�'��5^>{åI�?�Ú�ïÄ"
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111oooÙÙÙ >>>fff...ÔÔÔ���zzzÔÔÔLa2−xCexCuO4±δppp������ããã

3Ô�zÔ¥§��>5��)�@���c^S§g^�ÝÅ½ö>Ö

�ÝÅ�'"�´3>f.Ô�zÔ¥§�c^SUÄ���S��§±9�

c^>.?�þf�.:� �EÎ�3é���Æ"·�ÏLéØÓ�¹þ

��Z�,�La2−xCexCuO4±δ�¬?1p�58T�^>{Ú¿�ÿþ§(½ü

�A�§ÝµT1 = 62.5± 7.5KÚT2 = 25.0± 5K,©O�·�ÚÄ���c^S

�'"(Ü�c�¢�(J§ïá
�¹�ÚCe�,�p��ã§¿)º
Ø

Ó&ÿÃã¼���c^þf�.: �ØÓ�gñ"Ó��uy
g^�Ý

ÅÚ���m�3¿�'X§�g^Þáé���éår?�^"·��uy

�n)>f.Ô�zÔS�c^SÚ��S�m�'XJø
#�g´"

4.1 ¢¢¢������µµµ

3Ô�zÔ¥�3õ�¿�S [45,46]§~X�c^S§�UY§g^�Ý

Å§>Ö�ÝÅ�§¦����S�m�'X�Î?u�Ø�¥"�§��m

�3�þf�C(½þf�.:)9�'�g^½>ÖÞá§±9�ù
kS�

�'�¤�¡�§é¡5»"�y�§�@����>5EE�'"8c�

'þf�.:� �E?u�Ø�¥§ù�N
��>5å�&Ä"��Ç

.Ô�zÔ�'§3>f.Ô�zÔ¥�c^S����\�ú§Ïd(½�

c^S��?�þf�.:� �§éuïÄ��>5�å�~�"

3>f.Ô�zÔPr2−xCexCuO4±δ¥§éu¡S^>{(AMR)§��c

^�'��o��é¡5���y���3�Z�,NC [125]¶4$§

�¿�Xê�X�,3x = 0.14Úx = 0.15�m�3²w�$: [127]¶\^|

Ø�����§uy3x = 0.15Úx = 0.17�m�37áý�=C [128]¶éu

9Ñ$ÿþ§9>³�X�3x = 0.14Úx = 0.15�m��3²w�$: [129]"

3Nd2−xCexCuO4±δ§þf��3�,x = 0.16Úx = 0.17�m�3��ª

Ç�Cz [134,137]§�©EUÌ�L²3x = 0.16Úx = 0.17�m�3¤�

¡� [99,133]"ù
ÿþÑL²��c^�'�þf�.: u�Z�,N

C(xFS ∼ 0.16)"�´éNd2−xCexCuO4±δNX�¥fÑ�ïÄ
[123](JL²�
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ã 4.1: ØÓ�¹þ�La2−xCexCuO4±δ(x = 0.1)��µ(a) Lò»��¬OD1§

(b)jò»��¬UD1§(c)�Zò»��¬OP1§(d)Lò»��¬OD2�XRD

(J"

§�c^S��3x ∼ 0.13§TÐ3���)�c"

'u��c^�'�þf�.:� �§�q�gñ�3La2−xCexCuO4±δ

NX(�Z�,3x = 0.10)S�3"¡S^>{L²��c^�'��é¡

5��3L�,«� [130]¶¿�ÿþ�L²¿�Xê�^|�Cz3x =

0.13Úx = 0.15�m�3�5���5�=� [180]"ù
ÑL²��c^�'�

þf�.:3�,x = 0.13Úx = 0.15�m"�´µSRÿþL²�§�c^S�

�3�,x = 0.08NC§�C��å©��,ßÝ [126]"þf�.: ��gñ

�U�ØÓÿÁÃã��mºÝ�AØÓ§�¹þ�Cz±9^|Ï�k'"

Ïd§·�éØÓ�¹þ�Ce�Z�,�La2−xCexCuO4±δ?1
r^|Ñ$§

F"U
éTgñ�Ñ��Ün�)º"
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4.2 ¢¢¢���ÿÿÿþþþ

4.2.1 ���¬¬¬������������¡¡¡

La2−xCexCuO4±δ(x = 0.1)����¬´|^pUóÀ-1�È��{�

È�SrTiO3�.þ¤¼�"�
°(N!�¬S�¹þ�Cz§·�3�y

z�����È^�Úò»�ý�Ý��§==UCò»�m5N!�¬�

�¹þ"���Ì��È^��µ§Ý�700◦C§�Ø�1.5 × 10−1Torr§í�

�m�20min"�gUC�¬�ò»�mµl2min∼5min§z�1min¼��

��¬"Ù¥3min��Zò»�m§¤¼���¬·¶�OP1ÚOP2¶ò»

�m�2min�jò»�¬�UD1¶ò»�m�4minÚ5min�Lò»�¬�g

�OD1ÚOD2",��
�B?1r^|ÿþ§·�ò�¬��¤2 × 3mm�

Ý/���¬§z��¬U
�¤ü�ù«º�����¬§Ù¥��^uÿ

þ§,	�����°"

3�¤(�L���§é�¬?1�¡l?�Ú�¤Ñ$ÿþ"���

¡�x´/GXã3.2(a)¤«µU
Ó��¤^>{Ú¿�ÿþ"äN��¡

L§��3.2.2!"

4.2.2 ���¬¬¬ÿÿÿþþþ

�¬�(�L�´3¢�¿SÜ�X��û�¤þ�¤§���nãX

ã2.7(a)¤«"ÄkI�L��¬�(�§(@�¬´Ä´÷X�.��	ò

)�§SÜ´Äk,¸§I�æ^θ/2θ×£�¤µäN�´é¡/CzωÚθ�

¤×£"o��¬�×£���θ = 10◦ ∼ 80◦§×£(JXã4.1¤«"��

�
L����	ò�þ§·�?1
ϕ×£Ú�´�m×£µφ×£Ì�´

�½û�¡(=�½ωÚθ��Ý)§,�4�¬7R�uL¡�¶^=360◦§ÿ

þû�¸�ϕCz�ª³"Ñyû�¸��ê�¤ÿþ�¡÷v�é¡5�

'"éuLa2−xCexCuO4±δ(x=0.1)��§·�ÀJ(103)¡?1ÿþ§äN(J

�ã4.2(a)∼(d)"��§·�é�¬OD1§OD2§UD1ÚOP1?1
�´�m

×£§T×£U
òû�¡3�´�m�/G±Ñµn�G¹e¬¡3�´

�m´��:§�´¢S�¹du�¬�	òG¹�n�G¹k�½�å§

Ïd×£Ñ�¬¡/G�����C�/§K`²�¬�	ò5�Ð"é

uLa2−xCexCuO4±δ(x = 0.1)��§·�À����(109)Ú�.�(103)?1�

´�m×£§äN(JXã4.2(e)∼(h)"
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ã 4.2: ØÓ�¹þ�La2−xCexCuO4±δ(x = 0.1)��µ(a)jò»��¬UD1§

(b)�Zò»��¬OP1§(c) Lò»��¬OD1§(d) Lò»��¬OD2�φ×

£(J¶(e)jò»��¬UD1§(f)�Zò»��¬OP1§(g) Lò»��

¬OD1§(h) Lò»��¬OD2��´�m×£(J"

�¬�¤�¡�§ÄkI�?1>4�ë�§���
~��>>{§¬

k3���>4L¡CX���É7!7½öÕ§,�23>4L¡Å��


�§�dÓ�^>4þ���K�^[7���>4�Ú�¶�
��3r^

|e>4øá§3�Ð�>4��¬3>4	��K��ABÕ�§duABÕ

�óZ���~O�§Ïdù��Ð�>4Ò¬éO�"�¬�R − T§$

^|�^>{Ú¿�ÿþÑ´39T�PPMS¥�¤µR − Tÿþ�§Ý��

�2K∼ 300K§(JXã4.3¤«"du?1r^|Ñ$ÿþ�§$^|�&

Òk�ÿD(é�"Ïd¬k3$^|e¼�p&D'�&Ò��k��Ö

¿La2−xCexCuO4±δ(x = 0.1)���$^|¿�Ú^>{ÿþæ^½§×|��

ª§^|���-9T∼ 9T§ÿÁ�§Ý:�µ2K§5K§8K§11K§15K§20K§

25K§30K§40K§55K§70K§85K§100K"�
;�1���)�x´Øé

¡E¤ÿþ�ØO(§3ÿþ�  ¬æ^��|��ª§^>{Ú¿��
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ã 4.3: ØÓ�¹þ�La2−xCexCuO4±δ(x = 0.1)��µjò»��¬UD1§�

Zò»��¬OP1§Lò»��¬OD1§Lò»��¬OD2�R− T(J"

O��ª�µ

Rxx =
1

2
(
V +
L

I+
+
V −
L

I−
), Rxy =

1

2
(
V +
H

I+
− V −

H

I−
), (4.1)

Ù¥RxxÚRxy©O�^>{Ú¿�>{§V
+
L , V

−
L ©O��|§K|�p�>

Øü§V +
H , V

−
H©O��|§K|�î�>Øü§I

+, I−©O��|§K|�>

6"^>{ÇÚ¿�>{Ç�±�â�ª3.1O�¼�"

r^|e�^>{Ú¿�ÿþ´3ÉÇóÀr^|¥%�¤�§æ^½

§×|��ª?1ÿþµ^|´æ^óÀ|§3^|���p���Åì

P~�"�á6L§¥¼�êâ§�|ÚK|©Oÿþ�g5¼�^>{

Ú¿�&Ò§^|���-58T∼ 58T§ÿþ�§Ý:�µ2K§5K§8K§11K§

15K§20K§25K§30K§40K§55K§70K§85K§100K"�¬OD1�ÿþ(J

Xã4.4¤«"

4.3 ¢¢¢���(((JJJ

�¬�(�L�(JXã4.1∼4.3¤«µθ/2θ×£(JL²µ�¬Ñ´÷

X(00l)��)�§vk,�ÚÙ§��"ϕ×£�o�û�¸�rÝÄ�þ�

�§��´�m×£w«��(103)¡�û�«�¥y1w�ý�«�§¿

�û�«��'��§`²���	ò�þép"�¬�R − T(JXã5.4¤

«µ�Zò»��¬OP1��=C§Ý�p§ á½öò�ò»�mÑ¬��
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ã 4.4: La2−xCexCuO4±δ(x = 0.1)���¬µ(a)Ú(b)�UD1§(c)Ú(d)�OP1§

(e)Ú(f)�OD1�^{Ú¿�(J"

ò»�meü"�â�¬�θ/2θ(J§|^Ù.�û�úªsdsinθ = λO�Ñ

�¬�c¶�Ý§�±uy�Xò»�m�O�c¶�ÝÅì á§�ã2.12(

J��"��·��±uy�Xò»�m�O�§�¬���=C§Ý¥y�

º(dome)�/G§Xã5.5(a)¤«§�Ce�,��J��"

ã4.4w«3$§r|^�e§ùA��¬Ñ¬ÑyK^>{1�§3

��=C§Ý�þ§K^>{�A��§ù��c�ó�(J�� [182]"

ã4.4Ú4.5(b)w«µ¿�>{Ç(½¿�Xê)3p§e�X^|�O\¥y�

5Cz§$§e=C¤��5�Cz"Ó�3$§e§�X^|�O\§¿

�XêÑy��²w�$:§3$:���X^|�O\¿�>{ÇÅì��

��£Ä§ùL²�ÇéuÑ$��zÅìO�"ù«$:1��K^>{1

��q§�´3��=C§Ý±þÅì��"

Xã4.6¤«§éujò»�¬UD1§�Zò»�¬OP1ÚLò»��

¬OD1§¿�Xê�^|�m�'X§l�5���5Ñu)3T1 = 62.5 ±
7.5K�m"3p§ã¿�>{Ç�^|�Cz¥�5§L²3p§ãNXS�
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ã 4.5: (a)La2−xCexCuO4±δ(x = 0.1)���¬�Xò»�m�O\��=C

§Ý¥y�º(dome)�/G" (b)3ØÓ§Ýe�¬OP1¿�Xê�^|�C

zµp§e¿�Xê�X^|�O\¥y�5Cz§3$§eC¤��5

Cz" (c)La2−xCexCuO4±δ(x = 0.1)NXS�ü�A�§ÝµT1ØÉ^|Ú�

¹þ�K�§éAXÄ����c^>.¶T23$^|e�±ØC§�^|

pu30T�m©£Ä§éAX·���c^>." (d)�^|B = 15T�§�

¬UD1§OP1ÚOD1�¿�Xê�X§Ý�Cz�3T = 25± 5KÑÑy²w

�$:"
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ã 4.6: La2−xCexCuO4±δ(x = 0.1)���¬(a)OD1§(b)UD1§(c)OP1 3ØÓ

§Ýe¿�Xê�^|�Cz"

k�«16fµ>f§áuü�1�"$§ã���51�éw,�V�1�

éX3�å"`²3§ÝT1NC¤�¡u)Cz§k�Ulü�üz�V�§

�k�U�Ç16f�[£Çu)�ã��Cz§�ùÑ�#�kS���)

'é3�å"La2−xCexCuO4±δNX�¡S=�ÿÁ
[130]¼�3�Z�,NC§

��c^S�'��é¡5���§Ý��365KN�§�T1����q§

L²A�§ÝT1��c^S�'"�T13Ø����S�^|(B ≤ 58T )�

O\�±ØC§Xã5.5(c)¤«§ÏdA�§ÝT1éA�kS�´Ä���c

^S(ÍÜrÝ´Az�meV)"�,·�8c�¹þ�Cz��'��§T1v

kCz§����§ÝUC�¹þ�§TA�§Ýk�U¬u)Cz"

ã4.7(a)∼(c)¤«§315T�^|e§�¬UD1§OP1ÚOD1Ñ�X§Ý�

ü$kþ��1�§�3ØÓ�^|eTþ�1�Ñ�3(ã4.7(d)∼(f))"T

$§e�ý�1�3�c�@����c^�'�g^Ñ� [172]½öÃS�

A [183]k'§�éuvk?u�Zò»��¬S��3ÃS�A [169]§�´

�Zò»��¬SÃS�A¬�~f§ÏdOP1�ý�1�%ØU��^Ã

S�A5)º"·�I�5¿�´µ�¬UD1Ñyþ�1��§Ýpu��

å©=C§Ý§�Zò»�¬OP1�þ�å©§Ý���å©=C§Ý�

C§Lò»�¬OD1�þ�å©§Ý$u��å©=C§Ý§�þ�å

©§Ý´�Xò»�m�O\Åìü$"XJ´ÃS´��þ���Ï§
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ã 4.7: La2−xCexCuO4±δ(x = 0.1)�¬µ(a)UD1§(b)OP1§(c)OD1 3B =

0TÚB = 15T��R − T�¶ (d)UD1§ (e)OP1§ (f)OD13ØÓ^|e

�R− T�"

@oLò»�¬�ÃSÝ�p§�Ùþ�å©§Ý'�Zò»�¬$§¤±

`La2−xCexCuO4±δ$§�ý�1�3�^ÃS�A��¹e´v{)º�"

�Xò»�m�O\§�c^S�rÝ´Åì~f� [124,125]§Ïdþ�1�

�U��c^�'�g^Ñ��'"TTþ�å©§Ý�Xò»�m�O\Å

ì~�§�3$^|e�±ØC§��^|pu30T�m©£Ä"

Xã4.5(d)Úã4.8¤«§�X§Ý�ü$§ØÓò»^���¬�¿�X

ê�§ÝCz��Ñ¬325KNCÑy²w�$:§$:c����ÇÑ

yé��Czµ3§Ýpu$:?�§Ý§����±Y²½k�:��

þ�§�´3$:§Ý±e§¿�Xê�X§Ý�ü$¬²w/�K��£

Ä§ùL²3$:§ÝNC§NX�16fßÝ½ö[£ÇÑy
é��C

z§AT�#�kS�Ñy�'"¿�T§Ý�R − T��å©þ�§Ý�

C§Czª³��µ3$^|e�±ØC§�´�^|pu30T�m©£Ä¶

Ó�T§Ý�Xò»�m�O\Åìü$"¤±ùü�§ÝéAX��A�
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§Ý§·�Ò½ÂTA�§Ý�T2§U
���30T�m�^|Ø�§éAX

��5meV�UþºÝ§TUþºÝ�ÐéAX·���c^ÍÜ�rÝ§Ï

dT2 ´·���c^S�A�§Ý"

ã 4.8: La2−xCexCuO4±δ(x = 0.1)�¬µ(a)UD1§(b)OP1,(c)OD13ØÓ^|e

¿�>{Ç�§ÝCz��"

4.4 ©©©ÛÛÛ���???ØØØ

4.4.1 ggg^̂̂���ÝÝÝÅÅÅ���������>>>555

3ã4.4Úã4.9(a)(b)¥§�§Ý$u��=C§Ý�§^>{�X^|

�Czk4��(Bmax)§=3p^|ÑyK^>{§K^>{åk�U

��Û�z [184]§Ø�g^�ÝÅ [185]§¥]éé�A [186]��'"�´�

cLa2−xCexCuO4±δ^>{ÿþòK^>{�Ø�g^�ÝÅ'é3�å
[182]"

¿�>{Ç�X^|CzÑy4��(Bmin)§4����¿�>{Ç�^

|�����£Ä§`²3$:NC>f½ö�Ç�16fßÝ½ö[£Ç

Ñy
���Cz§ù  �#�kS��Ñy�'"òBmaxÚBmin ��§

Ý�CzJ�Ñ5§�±uyéuü��Zò»��¬§Ñ´�X§Ý�O

�k~���$:,�×�O�"aq�(J�3ØÓ�Ce�,��¬¥¼

� [182]§Xã4.10¤«"Bmax ÚBmin3ê�þ����å�U�^>{Ú¿

�>{Çé16fßÝÚ[£ÇCz��AØÓ"(Ü�c�ó�§TkS�
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ã 4.9: (a)Ú(b)�¬OP23ØÓ§Ýe^>{Ú¿��^|�Cz"(c) ¿��

^|Cz�4�:?�^|(Bmin)�§Ý�Cz"(d)^>{�^|Cz�4�

:?�^|(Bmax)�§Ý�Cz" (e)Ú(f)BminÚBmax�§ÝCz����?

�§ÝµTminÚTmax���=C§Ý¤�'"

�@��g^�ÝÅ§BmaxÚBminL«3z�§Ý:g^�ÝÅ�Ø�3¿

�Ú^>{&Ò¥��A"BmaxÚBmin�X§ÝOpkü$��$:(©OI

P�TmaxÚTmin)§L²g^�ÝÅ�rÝ�X§Ý�O\Åì~f§��$

:TmaxÚTmin�§g^�ÝÅUY'4",�ÞáÓÌ�"3ØÓCe�,��

¬¥§Xã4.10§x = 0.09Úx = 0.12��¬�3aq�1�§L²�¬3$|

��3g^�ÝÅ¶x = 0.15Úx = 0.17��¬�w«�3g^�ÝÅÞá§

ù�g^�ÝÅ��¤�¡�ã���§3La2−xCexCuO4±δNXS¤�¡�

�u)3x = 0.13Úx = 0.14 �m"Xã4.9(e)Ú(f)¤«§TmaxÚTminÑ��

�=C§Ý¤�5'X§L²g^�ÝÅ���S�m�3¿�'X§g^�

ÝÅÞár?���é"
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ã 4.10: ØÓCe�,�La2−xCexCuO4±δ^>{�4��:Bpn�§Ý�Cz"

4.4.2 La2−xCexCuO4±δppp������ããã

(Ü�c3La2−xCexCuO4±δNXS�ó�Ú·��g¢��(J§·�

ïá
�¹Ce�,§�ßÝÚ§Ý�La2−xCexCuO4±δ�p��ã§Xã4.11¤

«"÷XCe�,�¶§·��c^S>.(7Ún�/ÚJ�)´�âØÓCe�

,��¬�~�>{m©þ��§Ý¼�� [130]¶Ä���c^S>.(É

Ú�/ÚJ�)´d¡S^>{�(J¼� [130]µÄ���c^S��3Ce�

,x = 0.13Úx = 0.14�m§���Ø���·��c^S��3L�,«

�§ék�U����c^S����,ßÝ�Ó§�ùI�?�Ú�(@"

÷X�¶§·��c^S(È�Ún�/)´�â�~��>{3$§�þ�:

�§ÝÚ¿�>{Ç�§ÝCz�þ�$:?�§Ý�Ó¼�§�Zò»�

�¬�·��c^S>.�÷XCe¶�(J��"n��c^É�¹þ�K

�§�Xò»�m�O\§rÝÅì~�¶Ä��c^S(ùÚ�/)´�â¿

�>{Ç�^|�'Xl�5���5�A�§Ý(½�§��÷XCe¶�

Ä��c^S>.��"ÃØ´÷XCe¶�´�¶§��=C§ÝÑ¥y�

º(dome)�/G"

�âp��ã¤«§����Ø���§NX�·��c^S(å3L

�,«�§�´µSR(J [126]w«3"^|�·��c^Sª(3j�,«�§

�´ÏLÑ$(Jw«·��c^Yª(3L�,«�§@oXÛ)ºùü

«kgñ�(JºSachdevJÑ��SÚg^�ÝÅ�m��p�^U
U

Cþf�.:� � [187]§Xã4.12¤«µ3�~��§þf�.:� � 
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1oÙ >f.Ô�zÔLa2−xCexCuO4±δp��ã

c axis(oxygen content)

Ce doping (x)

La2-xCexCuO4±δ

T(K)

x=0.1

0.06 0.1
0.15

120

100

80

60

40

20

SCSC

AFM

SC FL

QCP QCP

T(K)

Ce doping (x)

ã 4.11: La2−xCexCuO4±δp��ãµ�¹Ce�,¶§�¶Ú§Ý¶§7Ú«�

��c^S«§�Ú«����«"÷XCe�,¶§7Ún�/ÎÒÚJ�L

«·��c^S�>.§´�âØÓCe�,��¬�~�>{m©þ��§Ý

¼��§3�~��·��c^S(å3L�,«�¶ÉÚ�/ÎÒÚJ�L

«Ä��c^S>.§´�â¡S^>{�ÿþ(J¼��¶3�~��·�

�c^SÚÄ��c^Sk�U(å3Ó���,ßÝ"÷X�¶§È�Ún

�/ÎÒL«·��c^S>.§´�â>{þ��§ÝÚ¿�>{Ç�§Ý

Cz�þ$:�§Ý(½�§É�¹þ�K�¶ùÚ�/ÎÒL«���c

^S>.§�â¿�>{Ç�^|�'Xl�5���5�A�§Ý(½�"

�ã´TNXSþf�.:�«¿ãµ3"^|�§�3ü�þf�.:§�

	\^|�§ü�þf�.:������£Ä§��k�UÜ3�å"
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã 4.12: ��Úg^�ÝÅ�m��p�^¬��þf�.: ��$�,�

�£Ä�xs:§�	\^|�§��¬�Ø�§l~f��Úg^�ÝÅ�

m��p�^§þf�.:¬Åì££�xm:
[187]"

uxm:¶3"|�§du��S��3§��Úg^�ÝÅ�m��p�^§

¬¦þf�.:lxm:�$�,£Ä�xs:"�	\^|��§^|¬Ø�

��S§l~f��Úg^�ÝÅ�m��¬�^§lþf�.:¬2

lxs:�p�,��£Ä"�����Ø���§þf�.:Ò£Ä£xm:"

ù�·��¢�(J��µÑ$(JÑ´���Ø�����~�¼�§þ

f�.:� � ux = 0.13Úx = 0.14�m§µSR(J´3"^|��/

e¼��§du��Úg^�ÝÅ�m��p�^§þf�.:£Ä�j�

,«�x = 0.07Úx = 0.08�m"?·�JÑ
La2−xCexCuO4±δ NXþf�

.:«¿ã§Xã5.11 �ã¤«µ3���3��ÿ§�3ü�þf�.:§

��´�c^þf�.: [123]§,	��´ u¤��N>.�þf�.

: [109,142]§�	\^|�§��Åì�Ø�§ü�þf�.:������£

Ä§������ü�þf�.:-E3�å"�,��±��«g´5n

)µ�~���3��þf�.«§ÙNC�3ér�þfÞár?���

é§��«�B?u��þf�.«S [108]§ü�þf�.:B´þf�.

«�>."����Ø��þf�.« �§����¤�þf�.:"
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1oÙ >f.Ô�zÔLa2−xCexCuO4±δp��ã

4.4.3 La2−xCexCuO4±δ¥¥¥������>>>BBB���^̂̂«««������

�ó�¥�¢�(J§Ó�U
^·�3N¹JÑ��>B�^«(conducting

nano-filament)���.5)º§�>f.Ô�zÔ¥�3�Øþ!5µj�

,�¬S�3�"� [188]§�¬SÜ�©Ù�Øþ! [179] �§Ñk�U���

¬SÜ�3ü�µ�>B�^«Ú�c^S§U
é>f.Ô�zÔ�Ñ$1

��ÑÜn�)º"

ã 4.13: (a)g^;�4zfÚ�c^S��«¿ã"(b)>B�^«��(CNF

network)«¿ã"

Äk§U
Ün)º�c^S�XCe�,§�¹þ�üz"�>f��,

�Ô�¡�§¬/¤g^;�4zf"��,�>f�åP34zf¤/¤

�³²�¥§34zfSÜ>f�±Cqgd�$Ä§�´ØU
Õglm4

zf"34j�,�«�§du�,�>fê8é�§Ïd3Ô�¡þ/¤�

g^;�4zfê8��§Ó�4zf´óG�§Ïd3Ô�¡þÓâ�¡È

�é�§¤±ØU
»�Ô�¡S±9¡m��c^ÍÜ"Ïd3>f.Ô�

zÔ¥4j�,«��§�·�c^S�±½�3§Xã4-13(a)¤«"�,

�þ�4zfØU
��»��§�c^S§�´4zf��3�¬3�c^

«�S/¤|�§é�c^'éå�»���^"�X�,�>fê8�5�

õ§3Ô�¡þ/¤�4zfê8��5�õ§NÈ(½�Ý)��5��(�)§

éu�c^¡mÚ¡S'é�»��^�5��"����.�,´§3"§

�u)�C§·��c^S��(éAXã4-11¥÷XCe�,¶�·��c^
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

>.)§Ó����X�>B�^«��(CNF network)�/¤§Xã4-13(b)"

·��c^S(�§�c^S)���§��3Ä���c^ÍÜ(ék�U´�

��c^S)§Ó�NX�Ô�¡C��>�"�X>fUY�,§g^;�

4zf�ê8¬?�Ú�Oõ§�>B�^«��(CNF network) ¬�»�§

Ó�Ä���c^S��»�§??\¤��N«�"3T�.e§¤��

N«��¬�3gÀ;�4zf§�d���NX?u/�>B�^«íN0

G�§ØÓ�^«�m�¬�^¬C�éf"

Ø
�,�	§NXS��f¹þ�õ��¬K�Ù�c^Srf§T�

.��Ñ
)ºµduTg^;�4zf/¤3Ô�¡þ§=��f�;�4

z�´3Ô�¡þ"�´éu�ò»�XÚ§ÙSÜ�3º:�§Ù;�¬K

�Ô�¡þ���f4z;��4z��§¬�¡	u) =§lØ|ug

^;�4zf�/¤§Ïdéujò»��¬§g^;�4zf�ê8¬²w

�u�Zò»��¬§Ïd�¬S��§�c^SrÝ�r�
"A�§

ÝT2ÒéAX�>B�^«��/¤�§Ý"

ã 4.14: (a)^>{�X^|Cz��[�" (b)¿�>{Ç�^|Cz��

[�"3[ÜL§¥§σAFM = 0.005, xAFM = 1.9ÚσCNF = 0.005, xCNF =

1.9"

3�>B�^«��(�¥§3ØÓ�g^;�4zf�m��3EÜ

âfé��B(äN��N¹)§ù«�BL§k|u¥]é�/¤"¥]

é�/¤¬��X�K^Ïé�/¤§Ïd��=C�BKT�C�'"�6

�Ý�EÜâfé��BAÇ¥��''X§����=C§Ý¤�'"�
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1oÙ >f.Ô�zÔLa2−xCexCuO4±δp��ã

âLuttinger�NnØ¥§�±�ÑT�BL§��ÝÅ�m�3¿�'Xµ3

�*ÅnÑu)º��Úg^�ÝÅ�m�3�¿�'X"Ød�	§Äu

�>B�^«��¥�3ü�µý���c^S«�Ú�>�B�^«§U


[Ü�¬�^>{Ú¿�>{Ç�^|�Cz§äNL§��N¹§Ù¥

-σAFM = 0.005, xAFM = 1.9ÚσCNF = 0.005, xCNF = 1.9§��XÚ^>{Ú

¿�>�Ç�^|�Cz§Xã4.14¤«§�X^|�Cz§^>{Ú¿�>

{ÇÑLyÑ��5�1�§�·��¢�(J��"�TnØ�Ø�g^

�ÝÅUY��K^>{1�*:Øgñ§3TnØ¥��±�Ñ��UYÚ

g^�ÝÅUY�'Xµ∆SC = ∆SDW exp[−1/N(EkF )U ]§�g^���.�

�� [41]"

4.5 ���ÙÙÙ���(((

�Ù·�ÏLc[/N!�Z�,�La2−xCexCuO4±δ���ò»�m§

��Ñ�X�ØÓ�¹þ��¬§?3B ⊥ ab¡�§éØÓ�¹þ��Z

�,�La2−xCexCuO4±δ(x = 0.1)���¬?1
r^|�^>{Ú¿�>{Ç

�Ñ$ÿþ§äN(JXeµ(1)(½
ü�A�§ÝT1 = 62.5 ± 7.5KÚT2 =

25.0 ± 5K§©OéAXÄ�Ú·���c^S"(2)uyg^�ÝÅUY'4

�§Ý���=C§Ý¤�'§y²��S�g^�ÝÅ�m�3¿�'X§

�g^�ÝÅÞáU
r?���é" (3)(Ü�c3La2−xCexCuO4±δNX

S�Ñ$(J§ïá
�¹Ce�,§�¹þÚ§Ý�p��ã¶¿�|^��

Úg^�ÝÅ�m��p�^§¤õ/)º
ØÓÿþÃã¼���c^þf

�.: �ØÓ�gñ¶Ó��Ñ
TNX�þf�.:�©Ûµ��SrÝ

~fU
¦ü�þf�.:������£Ä§��k�U-E3�å"�,

�k�U´��S�3uþf�.«S§·�*ÿ��ü�þf�.:¢S´

þf�.«�>."(4)¢�(JÎÜ�>B����.§T�.U
é·��

¢�êâµ�c^S�Ce�,Ú�¹þ�üz§��SÚg^�ÝÅ�m�¿

�§r^|e�K^>{1�Ú$§��^|Cz���5¿�>{Ç�§�

ÑÜn�)º"
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1ÊÙ >f.Ô�zÔLa2−xCexCuO4±δ|Ü����9Ñ$A5ïÄ

111ÊÊÊÙÙÙ >>>fff...ÔÔÔ���zzzÔÔÔLa2−xCexCuO4±δ|||ÜÜÜ������������999

ÑÑÑ$$$AAA555ïïïÄÄÄ

3L��A�cp§pÏþ|Ü����Eâ��´á�¯�Ü¤�k�

Ãã§®²A^3��§0>§c>ÚU�á�¥§��\¯
á��Ü¤

�Ý"AO´�CëY£Äù��Eâ�Ñy§¢y
¤©�°(��"�

�á�§éu¤©�Cz�~¯a§AO´��NXS��.y�§òTEâ

A^u��á�§éuïÄÙ�.1�±9±��ã�\�B$"Ïd·�|

^TEâÜ¤>f.Ô�zÔLa2−xCexCuO4±δ |Ü��§ÏL(�§¤©Ú

Ñ$L�L²T|Ü��®²¤õÜ¤"��|^óÀ-1�È��)��

.§�[���)�§y²��¤© Û�u1.54×10−4§÷vþf�.y�

�¤©�¦"

5.1 ¢¢¢������µµµ

8c§pÏþÃã®²2�A^�)Ô&EÚ���ó�¥ [189]§éu

pÏþÃã§òÙí2�¢SA^¥�'��¢�EâB´|Ü�{ [190]"

pÏþ�{�Ì�g�B´3��L§¥U
Ü¤ØÓÔnzÆ|©½^��

�¬§�U
Ó�éØÓ^��«�?1L�"ù��{3þV8�c�

Äk�HanakJÑ [191]§�´du��"�U
é�þêâ?1Â8Ú?n�

��§Ïdù�ékcÇ5��{vkÚåv
�À"

3L����c¥§&EEâ�p�uÐ§r?
pÏþ�'EâÚ�

��ÑyÚ�õ§ÏdpÏþ�¢���
2��mÐ"31995c§�¡À

�< [192]ÏLpÏþ�Ãã§3��2.5cm×2.5cm ��.þÓ���Ñ1024«

ØÓ|©�Ô�zÔ§ù3��Úå
ñÄ(Science,�µ¡)"2011c§7À

�<|^�^�í�{§¤õ��
Fe-B��N [193]"2013 c§Bozovic�<|

^©få	ò3���.þÜ¤
ëY|©FÝ�La2−xSrxCuO4±δ |Ü��§

¿|^1���\óÃãò����¤�x�¤^>{Ú¿��ÿþ [194,195]"

éu��á�ó§du|ÜEâU
3���.þ)�ÑØÓ|©���§

Ïd�\�BïáNX��ã§Ó�ïÄNXS��.y�"8cØ
��á
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã 5.1: (a)1��|Ü��Eâµ�^�í�{¶(b)1��|Ü��Eâµ�

kØëYÏ��^=ù��Eâ¶(c) 1n�|Ü��Eâµ-1©få	ò

Eâ [190]"

��	§|Ü�{��2�/A^u0>á�§õcá�ÚPÁ7á�á��

Ü¤ÚçÀ [196–206] ��Jp
á��Ü¤ÚçÀ�Ý"

pÏþÃã�Ø%Eâ��µ|Ü�����Eâ§²L��V�u

Ð§TEâ®²uÐ�1n�§Xã5.1 ¤«§(a)�1��|Ü��Eâµ�

^�í�{§3^�í�¥§|^�lfñÂqá�)��§?�È��.

L¡�¤��)�"du�����k�§Ïd3����þ�§>�Ú�

��«�§�lfN��È�Ç´Ø���§Ïd3)�L§¥Ó�í�n�

qá§Ó�4n�qáí��«�kU�Ü©§Ò¬3�.L¡�3n«q

áUìØÓ'~·Ü�«�§Xã¥n����U�«�§B/¤
|Ü�

�"ù«�{´|^�.þ�é��ØÓ ���È�ÇØÓg,/¤�F

Ý§Ï¤©·Ü'~éJ°(��"(b)�1��|Ü��Eâ§TEâ´Ä

u^�í�½öóÀ-1�È§�´3qáÚ�.�m\

�ù��§Tù

��þkØëY�Ï�"3í�ØÓ�qá�§ù��3�é�.ØÓ� �

�mØÓ�Ï�(Xã5.2¤«)§l3�.ØÓ �¦ØÓ�qáUìØÓ�

'~·Ü§l¢yÓ���.þ)�ØÓ|©��¬"ù«Eâ�,�±�

��.ØÓ ��¤©�'§�´duù��þ�Ï�´ØëY�§ÏdTE

â¼��|Ü���¤©�U´OëY�"(c)�1n�|Ü��Eâµ-1©
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1ÊÙ >f.Ô�zÔLa2−xCexCuO4±δ|Ü����9Ñ$A5ïÄ

ã 5.2: (a)
�ù��«¿ãµ3)�L§¥§í�ØÓ�qá§ù���m

ØÓ�Ï�§l3�.L¡¢yØÓ|©���)�¶(b)æ^
�ù��

����� [211]"

få	òEâ§|^�ëY£Ä�ù�� [207–210]§U
¦��3�.L¡	ò

)�§?3���.þ¢yëY|©FÝ©Ù"·�)�La2−xCexCuO4±δ|

Ü��Ò´|^1n�|Ü��Eâ"

|Ü��§U
Jø��$����¤©FÝ©Ù§Ä�g�Ò´ÏL¦

A�c°N3����SUìØÓ�'~·Ül3���.þ¢yëYFÝ

©Ù"��ÏLò|Ü��©¤Õá[��«�?1L�½öæ^äk×£

õU�U
?1�«×£�ÿþÃã§~X×£��w�ºÚ�©EUÌ§Ò

�±��TNXÔnA5�¤©�Cz'X"3ù«�¹e§¤©�©EÇÒ

Ì�û½uÿþEâ��m©EÇ§¤±3uÐ|Ü��Eâ�Ó�§�7L

uÐäkp�m©EÇ�ÿþEâ"8c¯�L��{���
¯��uÐ"

Xã5.3¤«µØ�ª>Ñ$ÿþXÚ§��&�
��>Ñ$¯�L�XÚ§

×£ª9Ñ$ÿþXÚÚ�k£Ä²��1ÆÿþXÚ� [197]"éu|Ü��§

�
Jp¤©©EÇ§�éI�?1�>ªÿþ�Ãã§'X>Ñ$Ú9Ñ

$§�¦ÿþXÚ����>¦�U��¶�
��>ªÿþ§'X�©E

>fUÌ§×£��w�º§×£>fw�â�§duäk×£&Þ½ö�£

Ä²�§é|Ü���ÿþÒ�~�B"
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã 5.3: (a)Ø�ª>Ñ$ÿþXÚ¶(b)��&�
��>Ñ$¯�L�XÚ¶

(c)×£ª9Ñ$ÿþXÚ¶(d)�k£Ä²��1ÆÿþXÚ" [197]

5.2 La2−xCexCuO4±δ|||ÜÜÜ������������

5.2.1 |||ÜÜÜ������)))���LLL§§§

8c§Ì�´|^�ëY£Ä�ù���Eâ?1¤©©Ù��§ÙC�

«¿ã��ã2.4¤«µ3qáÚ�.�mäk�ëY£Ä�ù��§���.

þ���¤©©Ù"äN)�L§Xã5.4¤«µ1�Úí�Aq§Ó�¦ù�

�lm �±ð½��ÝëY£Ä§Åìñ	4���.§ù�3�.L¡/

¤A¤©�FÝ©Ù(l��mÅì~�)"1�Úí�Bq§Ó�¦ù��UY

±ð½��Ýlm �ëY£Ä()�)�L§¥��±ÀJ���$Ä��)§

Åì¦���.�³3���þ§ù��¬/¤B�FÝ©Ù(lm��Åì~

�)"1nÚ´��í�±Ï(å�§����ãµþ�m§4ü«¤©3�

���S·Ü",�÷Xù��$Ä���B/¤
AxB1−x�¤©FÝ©Ù"

,�Eê�±Ï�¤�AþÝ���)�"
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1ÊÙ >f.Ô�zÔLa2−xCexCuO4±δ|Ü����9Ñ$A5ïÄ

ã 5.4: |Ü��)�L§¥��)�±Ï«¿ã

3La2−xCexCuO4±δ|Ü��)�L§¥§·�ÀJAq�La1.9Ce0.1CuO4±δ§

Bq�La1.81Ce0.19CuO4±δ§�.�SrTiO3")�§ÝÀJ720◦§)�±Ïê

�80§z�±Ïí�90�-1óÀ§í��Ø�2.0×10−1Torr§|Ü���k

�¡È�3cm×8cm"

5.2.2 |||ÜÜÜ������)))������ÌÌÌ���������ÏÏÏ���

-1©få	ò§�´ïá3óÀ-1�È(Ä�®²�n31�Ù0

�)�Ä:�þ§Ïd·�e¡Ì�0�|Ü��)�L§¥I��	½öA

O5¿�Ï�§Ì��)�.L¡§Ý��§���È�Ç§�Ø�©Ù§ù

���£Ä�ÝÚù����.�ål�Ï�§duduéõÏ�´�pK�

�§Ïd·�Ì�lJp���þ��ÝÑu§0�ù
Ï��`zÚ��"

Äk§�ÊÏ�óÀ-1�È��§|Ü����¬)�'���B´

n��(�"éuLa2−xCexCuO4±δNX§�,lx = 0.1�x = 0.19�Z¤�

§Ý�OØ�§710◦ ∼ 740◦ Ñ�±§Ïd)�§Ý'�ÐÀJ"�´XJ¤

©AÚB��Z¤�§Ý�O��§KI�¦�UÀJüö¤�§Ý��U«

�½öålüö¤�§ÝÑ�C�§Ý"d	I�5¿�´§3)�L§¥§

duù���£Ä§�¬���.L¡�§ÝCz��§�ù��ål�.

L¡�CCz��§§Ý�Czk�U¬K����¤��þ§AO´���

Czk�U���.L¡§Ý�Ñ���Z¤�§Ý��Ù§��/¤"¤

±é)�§Ý��¯a�á�§ù���ÐØ�ål�.�C§�´I�3§

Ý#N��¹e¦�UC�
"
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

�¦ù��ål�.¦�UC�
§ù'X�|Ü��ëYFÝ©

Ù�/¤"XJ�.ål��L�§du�lfN²Lù���3ÒK�

A(shadowing effect)§Xã5.10¤«§�lfNU
/70�	���§l

¦��T�ù��ñ	�Ü©�¬�í��§XJù��ål�.��§�í

��«���§lù���ñ	�J�f§l|Ü��¤©FÝCzÒ�

�(Xã5.5Ú5.6)§ùØ´·����(J"Ïd3§Ý#N�^�e§ù��

ål�.�C�Ð"�,§Ø
ù��Ú�.�m�ål	§í�L§¥��

Ø�¬K�ÒK�A�rf§���¹e�Ø�p§ÒK�A�f"

Ùg§3|Ü���)�L§¥§¦þ;��¬��/¤§=z�±Ï)

����þÝØ��L����"du-1Uþ§�Ø§-1à��J�Ñ¬

K��1���§?K��È�Ç§¤±·�3ù
^��½��¹e?

Øµ3ù«�¹e§K���þÝ�^�Ò==�ez�±Ï-1�óÀê"

XÛ(½z�óÀêº·��±3�|Ü��)����^�eí�N�óÀ§

,�ÿþ���þÝ§(½z�óÀ�±)��þÝ§Ò�±(½z�±Ï

)�óÀê�þ�"��±� �RHEED§(½)���±ÏI��óÀê"

�,du3)�L§¥I�ü�qá§�Ðü«¤©�óÀêU
üÕ(@§

AO´�È�Ç�O'��ü�qá",�Ò�±�âz�±Ï�óÀêÚ-

1ªÇ§5(½ù���$Ä�Ý"

2öÒ´ù�����§��n�G¹eù��´l�.�àm©$Ä§

3�é�,�à(å§�´��3�.>���þÝ'��§Ïd�
���

þÝþ!§��¬4ù��$Ä���'�.��Ý½°Ý����
"Ùg

éu���È§�ÈØ�L¯§Ï�ù���$Ä�Ýk�U�Øþ¶Ùg�

Ä�ù��Å��½5§�È�mØ���"3^��#Ne§�È�Ç�

ú�Ð§ù�����È�þ¬�p§��¬æ^2∼3 ��"

,�B´���/G"du3)�|Ü���§´b½3���.L¡�

lfN��È�Ç�Ó§Ïd7LN���¤��÷�Ç1�/G§¿���

Ø�Ñy�����§ù�â�±�y3���.L¡�lfN��È�Ç�

Ó"Ø
���/G§�k-11�� �§éuØÓ�á�§Ù�Z��È

 �ØÓµk�á��.3���þ��Ð§k
á�I��.�éu�� 

��� �
�Ð§Ïd�éØÓ�á�I�N�-11�� �§(��È

�þ!5"
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1ÊÙ >f.Ô�zÔLa2−xCexCuO4±δ|Ü����9Ñ$A5ïÄ

ã 5.5: (a)ØÓ�«�X��û�(Jµz��«×£«m�10◦ ∼ 80◦§�
û

��Ý�O(5§þæ^Ú?×£"(b)ØÓ�«�SrTiO3�.�(002)û�¸

ÚLa2−xCexCuO4±δ|Ü���(006)û�¸µ�X�,�O�§�.�û�¸

Ä��±ØC§���û�¸�p�Ý£Ä"(c)ØÓ�«�¬c¶�Ý�C

zµc¶��Ý��,�O\üN5C�"ã¥�Ce�,ßÝ�¶Â|©"
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã 5.6: O�ù��Ú�.�m�ål�¤¼��La2−xCexCuO4±δ|Ü���

«XRD×£(Jµ��û�¸�X¶Â|©�O\vk²w�Cz§`²�

�vk/¤²w�¤©FÝ"

��B´�ØÚò»��"du�£Äù����3§�U¬é6Ä��

6�kK�µXJ�í�Ñ�3ù���e¡§�U¬��ù��þ��Ø�

Ñ��k�å§Ïd)�|Ü����ØI��â�¦^ù�����Ø��


N�"'uò»��§I�5¿�´3|Ü��z�±ÏSÚ(å�§Ñk

�ãvkí���m§¢Sþùã�mS�¬Ò®²²{
� ò»§���

ò»L§I��Äùã�m§XJéu�zÔ§AO´é�¹þAO¯a��

¬§��¬3$�Ø^�e)�"3)�L§¥vkí���mS§�¬¢

S®²3?1á6�ò»L§§ù�ÿ�¬S��¹þ¬u)Cz§Ïd��

�ò»L§I��Äùã�mS��¹þ�Cz"�,éuØÓ�á�I�5

¿�^��Ø��§I��â¢Sá�?1äN�N�"

5.3 ¢¢¢���(((JJJ

La2−xCexCuO4±δ|Ü����(å��§I�L�Ù�þ§�)µ(�ÿ

þ§¤©ÿþÚR − Tÿþ"ã5.5´3��¢�¿SX��û���þ?1�

�«X��ÿþ(Jµà�1�°Ý�4mm§3��þ��ÀJ
16�ÿþ:§

3z�ÿþ:Ñ?1�gθ/2θ×£§×£���10◦ ∼ 80◦§(JXã5.5(a)¤
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1ÊÙ >f.Ô�zÔLa2−xCexCuO4±δ|Ü����9Ñ$A5ïÄ

«§3z�ÿþ:(Jw«��Ñ´÷X(00l)��)�§vkÙ§��½ö,

�"�X¶Â|©�O\§���û�¸Åì�p�Ý��£Ä§Xã5.5(b)§

����c¶��Ý�¶Â�,�O\�üN5C�§��cÏLDÚ�{

Ü¤�ü|©���(J�� [148,149]"du¢�¿S�X���rÝØ
§¤

±ÛÜ/��3�"�½ö¤©�ØëYCzØU&�§Ïd·���?1


ÓÚË��ÿþ§uy
ÃØc¶�´a¶Ñ�X�,�O\¥yüN5Cz§

Xã5.7¤«§y²·�Ü¤�|Ü���¬�~ê´ëYCz�§Ø�3²w

�"�"

ã 5.7: é���L¡?1
aÚbü���?1
×£µ(a)c¶�Ý�¤©�C

zª³¶(b)a¶�Ý��,�Czª³"c¶Úa¶��Ý��,�CzÑ´ë

Y�§y²�¬��È�þép"

��·�^Å�ÚÑÌ(WDS)?1
���¤©×£§Xã5.8¤«µ

Ce�¹þ�X¶Â|©�O\üNO\§ÿþ(J�¶Â|©�m�3�

å§�U´dÒK�A���§·�35.4!�[Ü©¬?1?Ø"

éu���¬§·��I�ÿþÙR − T�5(½Ù��=C§Ý§X

ã5.9¤«"·�æ^@���ª?1R − TÿÁ§o��±¼�320^R − T

�§¤©©EÇ�±��δ ≈ 0.0002"Äkò��1�¤Xã5.9(a)¤«�

x´§,�éz�x´æ^���{ÿþ>{�§Ý�Cz�§(JX
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã 5.8: La2−xCexCuO4±δ|Ü���Å�ÚÑÌ(WDS)ÿÁ(JµCe�¢S¹

þCz�X¶Â|©�O\üNO\"

ã5.9(b)¤«µl�Z�,�àm©§��=C§ÝÅìü$§��,	�à§

��>5��"�
Ïé��>5���°(�,ßÝ§�e�ÚïÄÙþf

�.5�O�§¤±·��â1�gÿþ�(J§À��¹��>5���ß

Ý�x´?1e�Ú1�§1�ã�Xã5.9(c)¤«§,�æ^�>6à�ÿ

Á�{§äN(JXã5.9(d)µl�à�,	�à��=C§ÝÅìü$,�

��"��2ÀJ�¹����ßÝ�x´§?1���g1�§1�ã�X

ã5.9(e)§äNR − T�Xã5.9(f)¤«§�±�~°(�¼�������

,ßÝ§�oNþ��=C§Ý��,�OõÅìü$§��c^DÚ�

{Ü¤�ü|©��(J�� [109,149]"�´du�¬�Zà���=C§Ý=

=�21K§Ïd�¬I�?�Ú�`z§�������ßÝg,Ò��Z

ò»��¬k
�å"ÏL(�§¤©ÚÑ$ÿþ��La2−xCexCuO4±δ|Ü

��®²d-1©fåEâ¤õ��"

5.4 |||ÜÜÜ������)))���LLL§§§���[[[

3)�L§¥§-1Ñ´óÀØëY�§z�óÀ±Y��m´�

¦(µs)þ?� [212]"ù���£Ä�Ý´∼ 0.6mm/s§zÚ£ÄA��

�(µm)§¿�Xù��z£Ä�ÚéA��mºÝ´Î¦(ms)þ?"Ïd

3·��XÚp§û½���3ØëY�U5�^�B´óÀ�-1§Ø´

ù���£Ä"3���ÿþ¥§d�¦(µm)þ?�)�ØëY5��Ø¬é

ÿþE¤é��K�§~XÑ$�ÿþ�©EÇvkùop"�´éu�
p

©EÇ���§~X×£��w�º§§�©EÇ�±���fºÝ§Ïdd
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1ÊÙ >f.Ô�zÔLa2−xCexCuO4±δ|Ü����9Ñ$A5ïÄ

ã 5.9: La2−xCexCuO4±δ|Ü���R − TÿÁ(Jµ(a)1�g1�æ^�1

�ã�¶(b)1�g1�(å���x´�R − T(J§��=C§Ý�X�,

�O\Åìü$§��Cx=0.19��à��>5��¶(c)1�g1�æ^�

1�ã�¶(d)1�g1�(å���Ï��R− T(J¶(e)1ng1�æ^�

1�ã�¶(f)1ng1�(å���x´�R− T(J"

�¦(µm)þ?E¤�¤© lÒI��Ä
"¤±e¡·�é|Ü���)�

?1
�[§�ÿ��z� �¢S�¤©�·��O�¤©kõ�� l"

3�g�[¥§·�æ^
óÀ-1�È¥²~^��. [213,214]§Ó��

�Ä
ù���£ÄÚÒK�A�Ï� [215]"3Ø�ÄÒK�A�§í�3�

.L¡/¤���äkü�Í��>�"XJ\\÷X�����ëY£Ä�

ù��(Xã5.10(a))§K��¬/¤�
Í����§Xã5.10(b)¤«"3ù

«�¹e§�n���5¤©©Ù l���/�3z����>�§ l�

�∆x =(x2 − x1)/N§Ù¥x1 Úx2�ü�c°N�¤©§N�3��±ÏSó

À-1í��óÀê"Ïd·�q��±ÏLJpz�±Ï�óÀê5~�¤

© l§�´¢S�¹·��I��ÄÒK�A§@o��ÒØ¬/¤Í��

��§´¬kö��A§Xã5.10(c)Ú(d)¤«§ÏdBØU{üÏLJpz
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã 5.10: (a)Ú(b)Ø�ÄÒK�A�Ï��n�G¹e§|Ü���í��J

Ú>�/¤�Í����"(c)Ú(d)�Ä
ÒK�A�Ï�§|Ü���í�

�JÚ>�ö��AE¤�åÏØ²�>�G�"

�±ÏS�óÀê5~�¤©� l"

ö��/GÉù��Ú�.�m�ål§í����Ø�Ï�K�"·�

b�ö��/G÷v'Xªµf ∼ e−l/λ§Ù¥f´���þÝ§l�åln�G

¹���>��ål§λ´k��*Ñ�Ý§Xã5.11¤«"��·�3N =

100?1
|Ü��)�L§��[§¼�
3ØÓ^�e�zÆ¤©Ú �

�'X"3�[�L§¥·�þ!ÀJ1000�:§3Ø�ÄÒK�J�§¬

/¤100���§K3z�n����þÀJ10�:§lK�z���(n�G

¹)þ�10�:©Oål��>��ål§ØÓ�����¹´���"XJ·

��|Ü����Ý�8mm§Kl©O��8µm§16µm§24µm§32µm§40µm§

48µm§56µm§64µm§72µm§80µm"

ã 5.11: �ÄÒK�J�/¤�ö��A§÷v'Xªµf ∼ e−l/λ§Ù¥f´�

��þÝ§l�åln�G¹���>��ål§λ´k��*Ñ�Ý"

Äk·�UCλ�ê�µl1�1000§,�¼�1000^Ce¹þ� �Cz�

�§Ù¥10^3ã5.12(a)¥"·�uy��üà�¤©ªÝ∆x�Xλ�O�
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1ÊÙ >f.Ô�zÔLa2−xCexCuO4±δ|Ü����9Ñ$A5ïÄ

ã 5.12: (a)¤©� �Cz�[Ü�§�ãw«�XλO�§[Ü��å

ÏÅì~�¶(b)3ØÓ�N(��±ÏSóÀ-1í��óÀê)�����¹

e§��σ�k�*Ñ�ÝλCz�[Ü�"

~�"�Ò´`k�*Ñ�Ý��§)��|Ü���¤©ªÝÒ��§¤

±3�±��Ñp�þ�|Ü���Ä:þ§�.L¡�§Ý�$¤©ªÝ¬

��"ã5.12(a)¥��ãw«�XλO�§��åÏ��§`²�XλO��

�þz�:�¤©©Ù��C�^��"

��|^�5������{µσ =
∑

δx2i /n§^���[Üz^¤©

� �Cz��§Ù¥δx2i´�þz� � l[Ü���ål§n´

[Ü�æ^� �ê8§(JXã5.12(b)¤«"·�uy��σ3λê��

��ÿ¬�XN�O\wÍ~�§3λê����ÿÄ��±ØC§ù

�L²�±ÏLN�)�ëê5~�δx2iµ~X3λê����ÿ(~Xpý

���¹e)�±ÏLJpz�±Ï�-1�í�ê85~�δx2i"�dÓ

���±ÏLN��È���Ø½öù��Ú�.�m�ålN�λ��

�"ÏLéLa2−xCexCuO4±δ?1¤©©Û(Xã5.8)��µ��üà�¤©ª

Ý�∆ = 0.08§éA�λ = 53§K�â�����{µσ =
∑

δx2i /n§O�¤À

��1000�:?¤© l���²þ�§=�Ñ¤©� l�σ = 2.37× 10−9"

du·�æ^�N = 100§K3n�G¹e¬k100���§�Ä
ÒK�A

��§�Ò¬�3��100�åÏ§z�åÏÑ¬�3��ål�5©Ù�

��:§K·�b�¤k�Ø��Ü5uù100�:§Kσ = 1.54 × 10−4"

¤±38c�����^�e§��þz�:ål�5¤©©Ù� l�

u1.54× 10−4§ù®²U
÷v�.1�ïÄé¤©°Ý��¦"
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5.5 ���ÙÙÙ���(((

·�A^-1©få	òEâÜ¤
La2−xCexCuO4±δ|Ü��§ÏLé

���þ�L�§·�uyµ(1)Å�Ñ�Ì�ÿÁw«Ce¹þ�Czª³Ú

¶Â|©ª³��¶(2)(�ÿþuy��´�NÑ÷X(00l)��)��ü�

����§¿�c¶�Ý�X�,ßÝ�O�üN~�¶(3)Ñ$(Jw«�

�=C§Ý��,ßÝO��üN~�§ù
Ñ�DÚ�ªÜ¤�ü|©��

�(J��¶(4)ÏLé|Ü��)�L§��[§uy38c���^�e§

|Ü��¤©��5¤©©Ù� ��u∼ 10−4§puDÚÜ¤�ª�¤©°

Ý(∼ 10−3)"�|Ü���¤©°Ý÷v
�
é¤©°Ý�¦p�ÿÁ§

~Xþf�.1�¶Ó�duëY¤©*Ñ��Eâ(~X§|Ü��Eâ)U


3���.þ�g5Ü¤¤©ªÝ���ëY|©FÝ��§ÏdU
Jp

�ã±��°Ý§Ó���� á
�ã±���m"
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18Ù o(�Ð"

111888ÙÙÙ ooo(((���ÐÐÐ"""

�Ø©Ì�ïÄ>f.Ô�zÔLa2−xCexCuO4±δü|©þ!��±9ë

YFÝ|©���Ñ$A5§��
±e�Ì�(Jµ

1!�[/ïÄ
ØÓCe�,��Zò»�La2−xCexCuO4±δ��¬ÚCe�

,�x = 0.15�ØÓò»�¬�¡S^>{A5§uyµ�Ce�,�ux =

0.07�§NXLy�¡SK^>{§3x = 0.07 Úx = 0.08�m�3�K

^>{�=C§ù�=C�µSR���·��c^S>.��"éuCe�,

�x = 0.15�vk²{ò»��¬§Ly�K^>{"�Xò»�m�O\§

�¬Ñy�K^>{�=C§�Zò»��¬¥y�^>{1�"3Ce�,

�x = 0.06Ú�Z�,NC©O�3�5K^>{Ú�5�^>{"òNXS

ÛÉ�7á1���¬SÜ�Øþ!5éXå5§æ^�>B�^«���

±n)j�,�K^>{1�"Ó��¬�Øþ!5�¬���¬S�3o

Ú�>{ì��§lK��5¿�&Ò�zK�,x = 0.6��5K^>{§

�Z�,NC��5�^>{�@���ÝÅ�C�'"ù
uy\�


éLa2−xCexCuO4±δNX�~�A5�n)§NX�Øþ!5¬¦á�SÜ�

3��(�§¬p�ÛÉ�Ñ$1�¶�´ù
1�´Ä���N���A5

k'§�´==dÃS�A���§Ñ��?�Ú��\ïÄ"

2!XÚ/ïÄ
ØÓ�¹þ��Z�,La1.9Ce0.1CuO4±δ�3p�58T�

^|e^>{Ú¿�A5§uy3$§r^|e¬ÑyK^>{¶�X§Ý�

ü$§¿�>{Ç�^|�Czª³¬l�5C���5¶Ó�320KNC¿

�Xê�§Ý�Cz�¬Ñy²w�$:§ù��~�^>{þ��A�§

Ý��"�â·��ÿÁ(J§(½
ü�A�§ÝT1ÚT2§©OéAXÄ�

��c^'é(k�U´���c^S½öÞá)Ú·���c^S(k�U´n

��c^S)§ù�¡S=�ÚµSRÿþ(J��§Ó�uy·���c^S>

.É�¹þCz�K�§�X�¹þ�ü$§ÙrÝÅì~f§Ä���c

^>.Ø�¹þ�K�"Ó�(@r^|e�K^>{å©^|Ú¿��^|

Cz�$:?�^|Ñ�g^�ÝÅUY'4k'§�g^�ÝÅUY'

4�§Ý���=C§Ý¤��'§`²g^�ÝÅ���S�m´¿�'

X§g^�ÝÅÞáU
r?���é",�·�(Ü�c3TNX�Ñ$(
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J§ïá
�¹�§CeÚ§Ý�p��ã§Ó�JÑ
TNX�þf�.:$

Ä«¿ãµ3"|��ÿTNX�ü�þf�.:©O uj�,«�ÚL

�,«��>.§�	\^|�§ü�þf�.:������£Ä§�ªk

�UU3�å§�ùI�?�Ú�ïÄ"��§·�uy�>�B�^«�

�(CNF network) �.U
)º>f.Ô�zÔ¥�c^S�üz§�´T�

.I��*ÿþ?1?�Ú��y§ùI�3p©EÇ�ÿþEâ?1e�Ú

�ïÄ"

3!�[/ïÄ
La2−xCexCuO4±δ|Ü���)�ÚÑ$A5§|^�ë

Y£Äù��Eâ§¤õ/��
�,lx = 0.1�x = 0.19�ëYFÝ|©

Cz�|Ü��µÏL�«(�ÿÁ�yT����NÑ´÷X(00l)��)

��ü����	ò��§¿�c¶�Ý�X�,�O\üN~�§��c

�DÚ���{(J��¶Ó�|^ÓÚË�ÿÁuyØ=´c¶�ka¶�

�ÝCzÑ�X�,�O\üNCz§ù`²|Ü���(�´ëYCz

�"��WDS(Jw«���¤©Cz��O�¤©Cz��"¿æ^@�

��ªé���?1
R − Tÿþ§ÙTcCz�X�,ßÝ�O\üNeü§

¿�°(/é�
¤��N>.?�þf�.:� �§¤©©EÇ�±�

�0.0002þ?"��·�é|Ü���)�L§?1
�[§uyÙ¤© l

�5©Ù���Ø�L1.54 × 10−4§U
òþf�.5�ïÄ|©��J,ü

�þ?"

8céÔ�zÔ�ïÄ®²ÅÚ�\§���S�'�kS�§~X^«

�§>ÖS�ºY�uy§Ô�zÔ��ã��5���"8cïÄ:B

´ù
kS�k��S�m�'X§±9 ukS�>.?�þf�.5éu

��>5�K�"�dÓ�§�Ç.Ú>f.Ô�zÔ��ã�5��q§A

O´1N��N�uy§òüö�\;��éX3�å"Ïd§>f.Ô�z

Ô�ïÄéu)ûÔ�zÔ§$�´cÄ��N���Ånäk��¿Â"

y3§|Ü���¤õ��§±9Ùî����)�L§Ú¤©�ëYFÝ

©Ù§TÐ�þf�.1��ïÄ§p��ã�ïáJø
½B$�Ä:§

¬?�ÚíÄ>f.Ô�zÔ�ïÄ?§"
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N¹ A �>�B�^«(conducting nano-filament, CNF)���.�ïÄ

NNN¹¹¹ A ���>>>���BBB���^̂̂«««(conducting nano-filament,

CNF)���������...���ïïïÄÄÄ

glÔ�zÔ�uy±5§���éÅ�Ò�2��ïÄµþf�C�þ

fÞá£~Xg^Þá¤§©f>6§RVB�nØ�U�JÑ§z�nØÑk

�g�¤õ�?§��ÑkJ±)º�¢�(J"éu>f.Ô�zÔ§Ø


zÆ��O�§�¬��¹þ�¬K��¬���>5"Ãõ¢�L²>f.

Ô�zÔäkØÓu�Ç.Ô�zÔ�ÕA5�µ�c^S«��±ò���

p��,ßÝ§Ø�3�UY�"Ïd§>f.Ô�zÔ�U¬äkÕA��

éÅ�§��k�«Ak��éÏ�"Äu>f.Ô�zÔ�¬���Øþ!

5�U¬���¬S�3õ����§·�ÚnØÜ�ö�åJÑ
�>�B

�^«��(CNF network)§^5)º>f.Ô�zÔ��>5�åÚ�~

��5�"e¡·�òlÄ�Ôn�.Ñu§{�/0�T��G�."

A.1 ggg^̂̂;;;���444zzzfff

Ô�zÔ�1N§~XLa2CuO4§´�c^�#Aý�N§U
^MË�

�.éÙU�95�?1£ã"éu�Ç.Ô�zÔ§�ÇÌ���,�eM

Ë��§Ïd·�3?n��I�?neMË��§���,�Ç�Ôlf

´��{�V(Jahn-Teller)lf§k�U3á�¥�)�c>5"�´3>f

.Ô�zÔ¥§>f��,�Ô�3d10;�§áuþMË��§ÏdÔlfØ

2?u{�V�§�I��ÑMË�UU"XJTUþpu��2p;��U?§

K¬�)aq�Ç.Ô�zÔ¥Zhang-Riceü��U�"du�,�>f�U

üÙ3�gCg^�����Ô�fþ§Ïd�
ü$Ó ü½U§T>f�

>f�¬���lù�Ô�f§?�U*Ð��.���fþ"Ïd��f

þ�p;�>f�k�U�4z§AO��fSvkë�/¤p − dzÆ��>

f�"ù«4z?k�UK��g;��$������f§l�T>f

/¤4z�þf²"��,�>fÒ¬�ù«ÓâA�g^�Ó�Ô�f�4

z>f�¤åP§XãA.1¤«"�4z�ØÓ��f�px½öpy;��>f

��m¬k�U§¬k4zU§½Â�p"

81



Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã A.1: >f.Ô�zÔ¥g^;�4zf�«¿ã§4zf��÷XÔ�¡

é�����§��ÓâA�g^���Ó�Ô�f±9Ù�m���f§�

�fSvkë�¤��p;�>f�u)4zl/¤T�5�³²§��,

�>fÒ�åP3ù�³²�¥§Xã¥�Ú«�¤«"

A.2 ggg^̂̂;;;���444zzzfff���UUU���(((���

Ô�zÔ�1N�°Ü��c^���Ñ¬^MË��.5£ã§M�î

þXeµ

H = t
∑

〈ij〉
C†

iσCjσ + U
∑

i

ni↑nj↓ (A.1)

Ù¥C†
iσ§Cjσ´>f��)Ú�«�Î§ni↑Únj↓´âfê�Î§U´Ó ü½

U"3�÷��¹e§TM�îþ�±{��°Ü�M�îþµ

HS = J
∑

〈ij〉

~Si
~Sj (A.2)

Ù¥~Si´°Ü�g^�Î§J = 4t2/U"�·��Ä>f�,�§�,�>f

I�?\þMË��§ÏdI��ÑÓ ü½U�)VÓâ�/ª"�´�

,�>f¬�C����f��£ÄlU
Ü©�;�VÓâ�/ª§Ó�

�U
évkë\¤����fp;��)4z"ù�U
3gC��Ô�f

�m�)�^a�£½�B¤�å»µCu − O − O − Cu"¤±A��Äù«
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N¹ A �>�B�^«(conducting nano-filament, CNF)���.�ïÄ

ã A.2: (a)ü�Ô�f�g^;�4zf§´dü�Ô�f±9Ù�m

�o���füü4z|¤§äk±e�U?µE = {±p,±1
2
(
√

p2 + 8t2 +

p),±1
2
(
√

p2 + 8t2 − p)}"(2)ü�Ô�f�4zf�Ä4zU���U�ã§ã

¥J�L«>f��3��fþ��/"

�B�A§ÏdI�3�ª(A.2) �Ä:þV\?��µ

H2 =
∑

〈〈ij〉〉
t′ijC

†
iσCjσ (A.3)

Ù¥t′ij ´gC�Ô�f�m��[È©§���¹eÙ���t
′
ij = t′ ∼

0.1t"d?·���Ä
t′¥���f;�4z�'�Ü©µ=Ùa��å»

�Cu−O −O − Cu"e¡·�Òl�{ü�4zfÑu§©ÛÙU�(�"

A.2.1 üüü���ÔÔÔ���fff���ggg^̂̂;;;���444zzzfff

XãA.2(a)¤«§�¹ü�Ô�f�g^;�4zf§´dü�Ô�f9

Ù�m�o���f�¤�8>/(�"�â�ª(A.2)Ú(A.3)|¤�M�î

þ§3C;åPCqe§�±��4zf¬k8�U?µ

E = {±p,±1

2
(
√

p2 + 8t2 + p),±1

2
(
√

p2 + 8t2 − p)} (A.4)

e¡b�XÚ�4zU�Ep = αp2§Ù¥α�£ãXÚ4zrÝ�~ê",�

�âPekar4znØ [216]§òT4zUV\��������¡§��µ

JPekar(p) =
1

2
(−

√

p2 + 8t2 − p) + αp2 (A.5)
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã A.3: Uþ?u���� �pmin�X4zUXê(Ep = αp2)�O�Åì~

�"

Ù¥p£ã��f;��4z"éw,§�ª(A.5)k���§�´���¤3

� �pmin�6tÚα���§~X�α = 0.165/t �§pmin ≈ 1.41t"pmin�Cz

ª³XãA.3¤«§pmin�Xα�O�Åì~�§Ó��±�ÑÙCqL�ªµ

pmin =
1

4
α +

1

4α

√

1

1 + 32t2α2
(A.6)

l�ª(A.5)�±��§�p = 0�XÚ´Ø½�§§�Uþ¬�Xp�

O\~�§�pmin����"I�5¿�´�4zf/¤��§��,�>

f�\�C��f� �§ÏdÔ�f?�Ó ü½UU éuXÚ�N�U

þK�ÒØ�
"¤±��f;��4zUp´K�XÚUþ�Ì�Ï�§X

ãA.2(b)¤«µã¥�J�L«>f��3��fþ�G�§�ÄUþ�$�

�§�Xp�O\§>fÅìlÔ�f� �=£���fþ§¿��p > 1�§

>fÄ�þ�Ü3��fþ§Ô�f?�Ó ü½UéXÚÄ�þvkK�


"

A.2.2 nnn���ÔÔÔ���fff���ggg^̂̂;;;���444zzzfff

·�y3�Än�Ô�f�4zf§´dk��ú�Ô�f�ü�8>/
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N¹ A �>�B�^«(conducting nano-filament, CNF)���.�ïÄ

|¤§�,�>f´�oé��f/¤�4z;�åP§3;åPCqe§Ù

XÚ�M�îþ�±L«�µ

H =

















































U −t 0 0 0 −t 0 0 0 0 0

−t 0 −p 0 0 0 0 0 0 0 0

0 −p 0 −t 0 0 0 0 0 0 0

0 0 −t U −t 0 −t 0 0 0 −t
0 0 0 −t 0 −p 0 0 0 0 0

−t 0 0 0 −p 0 0 0 0 0 0

0 0 0 −t 0 0 0 −p 0 0 0

0 0 0 0 0 0 −p 0 −t 0 0

0 0 0 0 0 0 0 −t U −t 0

0 0 0 0 0 0 0 0 −t 0 −p
0 0 0 −t 0 −t 0 0 0 −p 0

















































(A.7)

��U?�pCz�L�ªXeµ

E = {0,±p,±
√

p2 + 2,±

√

p2 −
√

p4 + 12p2 + 4 + 6
√
2

,±

√

p2 +
√

p4 + 12p2 + 4 + 6
√
2

}

(A.8)

U?�4zUp�Cz«¿ãXãA.4¤«§(J�üÔ�f�4zf

(J��µ�Xp�O\§>fÅìlÔ�f� �=£���fþ§¿�

�p > 1�§>fÄ�þ�Ü3��fþ§Ô�f?�Ó ü½UéXÚÄ�

þvkK�"

A.3 ���>>>BBB���^̂̂«««���555���

e¡·�b�kéõ>f�åP34z/¤�³²¥§�
¦þ~�>f

�m�¥Ôü½U§³²��Ñ´�^G(4z^«) [217,218]§�¹g^�Ó�

Ô�fÚÙ�m4z���f§XãA.5¤«"3;åPCqe§>f3ù^

«G�³²¥$Ä�±^±e�§£ãµ

− tφn − pgan = Eψan (A.9)
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã A.4: n�Ô�f�4zfU�ã§ã¥J�L«>f��3��fþ��

/"�Xp�O\§>fÅìlÔ�f� �=£���fþ§¿��p > 1

�§>fÄ�þ�Ü3��fþ§Ô�f?�Ó ü½UéXÚÄ�þvkK

�"

− pψan − tφn+1 = Egan (A.10)

− tφn − pgbn = Eψbn (A.11)

− pψbn − tφn+1 = Egbn (A.12)

Ù¥ga(b)nÚ(ψ)a(b)n©OL«3Ô�f�§mÚþ£e¤���f�3 Å¼

ê§φnL«Ô�f�ÓâÅ¼êµ

− tψan − tgan−1 − tψbn − tgbn−1 = Eφn (A.13)

d�ª(A.9)(A.10)±9(A.11)(A.12)��µ

− pgmn = Eψmn (A.14)

− pψmn = Egmn (A.15)
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N¹ A �>�B�^«(conducting nano-filament, CNF)���.�ïÄ

ã A.5: �>B�^«(conducting nano-filament)«¿ã

Ù¥gmn = gan − gbn§ψmn = ψan − ψbn"ù�XÚäkü�)Û)µE = ±pÚ
ü����Å¼êµ(gmn, ψmn) = (1, 1), (1,−1)§^5£ã>f��3��f

þ�G�"

Ù{�)�ke¡n��ª¼�§Ù¥�ª(A.16)´k�ª(A.9)(A.11)¼

�§�ª(A.17)´d�ª(A.10)(A.12)¼�µ

− 2tφn − pgpn = Eψpn (A.16)

− pψpn − 2tφn+1 = Egpn (A.17)

Ù¥gpn = gan + gbn, ψpn = ψan + ψbn§3ù«=�^�e§�ª(A.13)�±�

�µ

− tψpn − tgpn−1 = Eφn (A.18)

�ª(A.16)(A.17)Ú(A.18)£ãÃ���ó§äk²¡Å/ª�)µgpn =

g0exp(ikdn), ψpn = ψ0exp(ikdn), φn = φ0exp(ikdn)§d´���Ô�f�ål"

òþãn�)�\�ª(A.16)(A.17)Ú(A.18)��µ

− 2tφ0 − pg0 = Eψ0 (A.19)

− pψ0 − 2tφ0exp(ikd) = Eg0 (A.20)

− tψ0 − tg0exp(−ikd) = Eφ0 (A.21)

TXÚ�)=�eãÝ
����Ú��Å¼êµ









0 −1 −eikd

−2 0 −p
−2eikd −p 0









(A.22)

87



Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã A.6: �>B�^«(conducting nano-filament)3pÚk�ØÓ���U�ãµ

(a)p = −0.9t§kvk��" (b)p = −
√
2t§kvk��" (c)p =

√
2t§kvk�

�"(d)k = 0�U?�p�O\¥y�5Cz

éuz�4zUp§TÝ
�����µ

E =
2
√

p2 + 4cos(1
3
(2πn± cos−1(−6

√
3pcos(kd)

(p2+4)3/2
)))

√
3

(A.23)

Ù¥n´?¿�ê§ù�L�ª½Â
n�Õá�U?§XJ2\þ��f

�OyUE = ±p§��kÊ�U?§XãA.6¤«§p�ØÓ��§ÙU?

��é �¬u)Cz§3A½��¬Ñy).�:½ö¤�l"Ó�XJ

�k = 0,�>B�^«�U?�Xp�5Cz§AO´Uþ�$�U?�XpO

\�5eü§`²XÚ?u4zG��Uþ'vk4z�Uþ$"

e¡·��Ä��f�4zU(Ep = αp2)§KJpekar = Ep + Elowest(p, k =

0)§Elowest(p, k = 0)´�$U��Uþ"�pO��§Jpekar¬3A½�p���

4��§XãA.7¤«§`²�>�^«3��f;�4zUØ�"��ÿ/
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N¹ A �>�B�^«(conducting nano-filament, CNF)���.�ïÄ

ã A.7: �>B�^«(conducting nano-filament)XÚ3�Ä
4zUEp =

αp2��XÚ�Uþ�Xp�Cz3p 6= 0´�3���§`²XÚu)4z�

XÚUþ�$§TG��±½�3"

¤"

þã?ØÑ´3vk�ÄÓ ü½UU��¹e§XJ�ÄU >> p��¹

e§Ý
(A.22)�±��µ









U −t −eikd

−2t 0 −p
−2teikd −p 0









(A.24)

�âþãÝ
�±¦)Ñ�>^«�U�(�§XãA.8¤«µd�p =

1.4tÚU = 2t§Ó ü½UUòþMË���Ù§U�©lm§Ù{�U�Ñ

 uUþ«m−p − t�p�m§ü�²�´d��f�;�4z���§��

©O�±p§�Ó�ü½UÃ'"3Xã¤«��¹e§3Ùp�«>.?§d
ueMË���²���§¬¦��Ýâ,O�§ù«�¹ek|u���/

¤"UCpÚU¬UCU�� �u)�éCz§�´þMÇ��Î�Ù§U�

©m§Ù{U�9²�� �u)�éCz§=²��Ù§U���� �u

)Cz"
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã A.8: �>B�^«(conducting nano-filament)3�Ä
Ó�ü½U���

U�ã(p = −1.4t, U = 2t)µã¥bÚ�J��¤�¡(?¿À�)§3Ùp�

«>.?Uþ�$�U��ºÜ�²�(bÚ¢�)��§TU����Ý¬

â,O�§k|u���éÅ�"ü^²�� �==d��f�4zUû

½(E = ±p)§�Ù§Ï�Ã'"Ó�ü½UU ´þMË��(£Ú¢�)�Ù{

U��å��"

A.4 ���>>>BBB���^̂̂«««������ccc^̂̂SSS

3>f.Ô�zÔ¥§�c^S«�'�Ç.Ô�zÔ�
éõ§¿��

c^>.?"§�u)þf�C¶Ó��X�,�O\§NX¬l·��c^

SLÞ�g^Þá«�(�k�U´���c^S«�)§��?\¤��N«

�¶��¹þ�Cz�¬ÚåNXS�c^S�Cz [124,125]"�>B�^«

�.U
éþãüz�ÑÜn�)º§3�!·�Ì�?Ø3T�.�µee

NXS�c^S�üz"

X3.1!¤ã§�>f��,�Ô�¡�§¬/¤g^;�4zf§X

ãA.1¤«"��,�>f�åP34zf¤/¤�³²�¥§34zfS

Ü>f�±Cqgd�$Ä§�´ØU
Õglm4zf"34j�,�«

�§du�,�>fê8é�§Ïd3Ô�¡þ/¤�g^;�4zfê8�

�§Ó�4zf´óG�§Ïd3Ô�¡þÓâ�¡È�é�§¤±ØU
»
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N¹ A �>�B�^«(conducting nano-filament, CNF)���.�ïÄ

ã A.9: o«EÜâf«¿ã

�Ô�¡S±9¡m��c^ÍÜ"Ïd3>f.Ô�zÔ¥4j�,«�·

��c^S�±½�3"�´3ù�«�S§XÚS�3ü�µý���c

^«�Ú�>�g^;�4zf§�Ô�¡´ý��"

�,�þ�4zfØU
��»��c^S§�´4zf��3�¬3

�c^«�S/¤|�§é�c^'éå�»���^"�X�,�>fê

8�5�õ§3Ô�¡þ/¤�4zfê8��5�õ§NÈ(½�Ý)��

5��(�)§éu�c^¡mÚ¡S'é�»��^�5��§���.�

,�§·��c^��§3"§�u)�C§Ó����X�>B�^«�

�(CNF network)�/¤"·��c^S(ék�U´�§�c^S)���§�

�3Ä���c^ÍÜ½öÞá§Ó�NX�Ô�¡C��>�"�X>f

UY�,§g^;�4zf�ê8¬?�Ú�Oõ§�>B�^«��(CNF

network) ¬�»�§Ä��c^S��§??\¤��N«�"3T�.

e§¤��N«��¬�3gÀ;�4zf§�d���NX?u/�>B�

^«íN0G�§ØÓ�^«�m�¬�^¬C�éf"

Ø
�,�	§NXS��f¹þ�õ��¬K�Ù�c^Srf§T�

.��Ñ
)ºµduTg^;�4zf/¤3Ô�¡þ§=��f�;�4

z�´3Ô�¡þ"�´éu�ò»�XÚ§ÙSÜ�3º:�§Ù;�¬K

�Ô�¡þ���f4z;��4z��§¬�¡	u) =§lØ|ug

^;�4zf�/¤§?Ø|u�>B�^«���/¤§l·���c
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

ã A.10: (a)Ú(b)L«¥5EÜâfé§o>ÖQe = 0§o^ÏQm = 0"

(c)Ú(d)L«EÜâf¥�>Öé§o>ÖQe = 2§o^ÏQm = 0"(e)Ú(f)L

«EÜâfé¥�^Ïé§o>ÖQe = 0§o^ÏQm = 2"

^S�±½�3��p��,ßÝ"�¥fÑ��(J�� [170]"

A.5 ���>>>BBB���^̂̂«««���������>>>555

3g^;�4zf½ö�>B�^«���3�XÚ§�±æ^Luttinger

�NnØ?1£ãµ>Ö¬ÍÜ��^Ï(½ö^ü4f)|¤EÜâf§aq

u©êþf¿��A§3z�^«>�¬�3ØÓ$Ä���EÜâf"TÎ

Üâf��ko«/ª§XãA.9 ¤«µ��>ÖÚK�^Ï§��>ÖÚ�

�^Ï§K�>ÖÚ��^Ï§K�>ÖÚK�^Ï"

3ùo«EÜ�âf¥§45���>Ö½ö^Ï�m�3�páÚ��

^§lU
|¤EÜâfé§3ØÓ�^«�mu)�B§XãA.10 ¤«µ

(a)Ú(b) L«�¥5�EÜâfé§o>ÖÚo^Ï�"¶3ØÓ�^«¥?
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N¹ A �>�B�^«(conducting nano-filament, CNF)���.�ïÄ

1�B�Ø¬E¤>Ö½ö^Ï�Cz§Ïdù«EÜâfééu��vk

�^"(c)Ú(d)L«o^Ï�"§o>Ö�2�EÜâf§3ØÓ�^«�m�

B¬=£>Ö§TL§½Â�S1"(e)Ú(f)L«o^Ï�2§o>Ö�0�EÜâ

f§3ØÓ�^«�m�B¬=£^Ï§TL§½Â�S2"L§S1ÚS2Ñ¬�

>Ö�ÝÅ�m�3¿�'X [219]§�dL§S1ÚS2¤���^Þák|u�

��/¤ [220]"3Ô�zÔ¥§¥]é��)Ì�´duL§S1µ3L§S1¥

�3^Ïµ^é�8N-u§=u)BKT�C§�6�Ý��B�EÜâfé

êþEE�'"

A.6 ���>>>BBB���^̂̂«««(((���¥¥¥���>>>ÑÑÑ$$$AAA555

3�>B�^«����.e§�¬�@�´Øþ!�ü�XÚ§ÙÑ$

A5�ùü��5�EE�'"3^|R�uab¡��¹e§�¹ü��XÚ

�^>{Ú¿�>{�±ÏLO(���é�=�¼� [221]§Ì�´|^"|

��L�ª§ÏL=���\|�¹e�L�ª"

���¹e§?Û���¹ü����NX�k�>{AT÷vµ

σ̂ = σik = σdδik + σtǫik, σd(B) = σd(−B), σt(B) = −σt(−B) (A.25)

Ù¥σik ´KroneckerÎÒ§ǫik´�é¡�Ý
�"Ó�ü��g�k�>

{σid§σit(i=1§2§©OL«XÚS�ü�)ÚßÝxi÷vµ

σ̂e(σ̂1, x1|σ̂2, x2) = σ̂e(σ̂2, x2|σ̂1, x1) (A.26)

,��
�BO�«©§òp�©þ��¢Ü§î�©þ��JÜµ

z = x+ iy, j = jx + ijy, e = ex + iey, σ = σd + iσt (A.27)

e¡·�0����(conformal)>�Ç§Ù=�/ª�µ

σ′ = T (σ) =
cσ − ib

−idσ + a
(A.28)

Ù¥a, b, c, d´¢ëê"duùo�ëê÷v�ªA.27§¢Sþkn�gdC

þ"·�^a, b, c©OØ±d�EÑn�#�gdëêµā = a/d, b̄ = b/d, c̄ =
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Äu|Ü��ïá>f.Ô�zÔLa2−xCexCuO4±δp��ã

c/d§¤±=��ªT (σ)�±^ùn�#CþL«">�Ç©þσdÚσt��ªL

�/ª�(äNL§��ë�©z [221])µ

σ′
d = σd

ac+ bd

(dσd)2 + (a+ dσt)2
= c̄σd

ā+ b̄/c̄

(σd)2 + (ā+ σt)2
(A.29)

σ′
t =

cdσ2
d + (a+ dσt)(cσt − b)

(dσd)2 + (a+ dσt)2
= c̄

σ2
d + (ā+ σt)(σt − b/c)

(σd)2 + (ā+ σt)2
(A.30)

Ù¥Xêa§b′ = b/c§c�6uz���>�Ç§äNL�ªXeµ

a± = −c = |σ2|2 − |σ1|2 ±
√
C

2(σ1t − σ2t)
, b′± =

|σ1|2 − |σ2|2 ±
√
C

2(σ1t − σ2t)
(A.31)

C = [(σ1t − σ2t)
2 + (σ1d − σ2d)

2][(σ1t − σ2t)
2 + (σ1d + σ2d)

2] (A.32)

Ù¥|σi|2 = σ2
id − σ2

it"¤±�ªA.28∼A.31Ò´ü�XÚkÃ^|>�Ç�=�

ª"

e¡Ò�±A^ù
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