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Abstract

Abstract

Among transition metal oxides, LiTi2O4 is the only spinel oxide superconduc-

tor possessing superconducting transition temperature ∼ 13 K. The main work of

this paper includes the preparation of a series of high-quality LiTi2O4 thin films

by pulsed laser deposition (PLD) technique via varying substrate material, sub-

strate orientation, growth temperature and oxygen pressure. The structures and

electrical transport properties of LiTi2O4 films were also studied as well. Anoth-

er work is to prepare SrCoO2.5/La2−xCexCuO4±δ (LCCO) multilayer films, and

study the effect of annealing and strain on electron-doped cuprates LCCO films.

The main contents are as follows:

(1)The high-quality epitaxial LiTi2O4 films were prepared on SrTiO3, KTaO3

and MgAl2O4 substrates of different orientations by PLD technique, and their elec-

trical transport properties were studied in detail. We find that when the tempera-

ture is less than 100 K, the angle dependence of in-plane magnetoresistivity shows

a twofold symmetry. In addition, the sign of magnetoresistivity(MR) changes from

positive to negative at 50 K. We suggest that the positive MR origins from the

orbit-related state because the magnetic field may cause the fluctuation of the

orbital magnetic moment in the antiferromagnetic orbital order background, thus

enhancing the electron scattering. Once the temperature is higher than 50 K,

the local spin fluctuations of the LiTi2O4 samples are suppressed by the magnetic

field, which weakens the scattering. The electrical transport results of [110] and

[111] epitaxial films are consistent with those of [001] films.

(2) A series of high-quality LiTi2O4 films have been prepared by PLD under

different oxygen pressures in growth. Their structures and electrical transport

results were analyzed as well. With the increase of oxygen pressure, the out-of-

plane (c-axis) lattice parameter decreases gradually. When the oxygen pressure

reaches a critical value, the c-axis lattice does not change anymore, which implies

that a new phase starts to form. Electrical transport results show that there is

a transition from the superconductor to the insulator with the increase of oxygen

content. We thus confirm that the new phase is Li4Ti5O12. As seen from the

spherical aberration corrected transmission electron micrograph, there are plenty

of oxygen vacancies in the LiTi2O4−δ sample while no vacancies are obviously

observed in the Li4Ti5O12 phase. Therefore, we conclude that the process of

superconductor-to-insulator transition is related to not only the content of Li ions,

but also the generation of Li4Ti5O12 along with the filling of oxygen vacancy.

(3)The SrCoO2.5/La2−xCexCuO4±δ(LCCO) multilayer films have been pre-

pared on SrTiO3 substrate by PLD. As shown in the XRD results, the structure

iii
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of the LCCO layer changes from T′ phase to T phase with increasing the number

of interfaces. The resistance of the samples also shows a transition from the super-

conductor to the insulator. Because the in-plane lattice constant of LCCO is large

than that of SrCoO2.5, the in-plane compressive stress to LCCO layers increases

gradually with the increase of interfaces. The apical oxygen becomes more stable

so that the LCCO film is formed in T phase and not affected by annealing in

vacuum.

Keywords: LiTi2O4, Li4Ti5O12, SrCoO2.5/La2−xCexCuO4±δ, The Electric

Transport, Superconducting-insulating Transition
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LÞ7á�zÔ´���±ÏL1VIIIx¥>f����W÷�7á��

Ú�/¤��zÔ§ù
�zÔ�õêÑ´r'é>fNX"ÏL���,Ú

UC�¹þ§ù
�zÔá�  ¬�)éõÛA�Ôn5�§Ïd§�Åì

¤�và�ÔnïÄ+��9���"20 ­V60c�å§và�Ôn�¡nØ

Ú¢��ïÄö�m©ò�þ��mÚ°åÝ\�r'é>fXÚ+��ïÄ"

3ù
LÞ7á�zÔ¥§�õêá�´ý�N§�êá�´7á§k��Ü

©á�´��N [1]"@31953cÒk<m©'5Li§Ti§Oùn«��/¤�v

��zÜÔ"1956 c§<�uyäkk¬�(��Li4Ti5O12��±���lf

>³�K4á�§�8c��§Ñ´�lf>³K4á��n�ÀJ [2–5]"1973

cJohnston �<uy3Li1+xTi2−xO4 NX¥§ÏLUCá��zÆOþ'§5

�¬u)é��Cz"�x<1/3 �§�¬Ñy
��>5 [6]"LiTi2O4 ´8c�

�äkk¬�(���zÔ��N§Ù��=C§Ýp�13 K"

�ÙÄkéLÞ7á�zÔ?1
{ã§,�0�
LÞx�zÔ¥��

~5��NLiTi2O4 á��Ä�5�ÚïÄ?Ð§LÞ7á�zÔ¥�p§�

�Ô�zÔNX�Ä�5�ÚïÄ?Ð§±9�.�¡SAå§¬N��§)

�§ÝÚ)��Ø�	.^�é����(�Ú��>5�K�"

1.1 LÞ7á�zÔ{0

1.1.1 LLLÞÞÞ777ááá���zzzÔÔÔ���(((���

duLÞ7á�zÔäk´L�Ôn5�§Ïd§Åì¤�á�ÚÔn

+��ïÄ9���"LÞ7á´��)�!�!c!�!q!ÔÚ �3

S�1VIIIx7á��§§�ÚDè�zÔ·Ü/¤
��
��!´L�!

äk�«ÛÉA5�á�NX§ù
á�NXäkÃõ�ÔnA5I�<

��&¢ [7–9]"~X<�¤Ù��^��^5§ÏLLÞ7á�,/¤�«

ôÚ���§¶Ô¥�AÏôÚ�"Ø
ù
Ä�5�§C
c<�uyL

Þ7á�zÔ�kX�
ÛA�Ôny�§~XÔ�zÔ¥�YBa2Cu3O7−δ

ÚLa2−xSrxCuO4 �á�äk��>5§Ù��=C§Ý®�L��§Ý
[10–13]§

V2O3 NX�X§Ý�Cz¬u)7á-ý�=C§Ù>�Çu)
7�êþ?�

Cz [8]§LiV2O4 ´­¤�fá�
[14]§Wv¶(��La1−xCaxMnO3äkã^{

�A [15]§±9C�c�<�uy�Wv¶á�La2/3Sr1/3MnOx
[16]§Ùäk¿§

�c^5"

duù
LÞ7á�zÔá�37ád Ú�p ;��m�­U��§§��

>f�éÄ§$�3�
LÞ7á�zÔ¥7ád Ú�p ;��m�ké��½

öA�vk,z§ù�NX¥>fÒ¬��3�C��LÞ7álf�m?1

�[§éuù��NX§�°¬C��Ä"LÞ7á�zÔ�;.�°�1 ∼ 2
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eV§
ÊÏ�7á�°���5 ∼ 15 eV [8]"3LÞ7á�zÔá��>f(�

¥§du>f��dÄ¦>f'é��^w��r§Ïd§ù
á�â¬Ly

ÑéõØÓÏ~�Ôn5�"

C
c5§duX��Ú>fû�Eâ3và�+�ØäuÐ§ÏdïÄ

ö�U
°(/¼�LÞ7á�zÔ�E,�¬N(� [7]"8c��§LÞ7

á�zÔ�¬N(��±©�e¡A«"Ù¥�~��´Wv¶Úk¬�(�§

�Wv¶Úk¬�(��'§ñ�í½Åz?a.�¬N(���{ü§ù

«(�3ü�zÔ¥'�~�£~XMnO§NiO§CoO§FeO¤ [7]§TiOxÚVOx

´�zÆOþ'�Åz?(�§§��¬�¥�3X�þ�¬�� "f�(

�´�«3d �zÔM2O3 £Ù¥M �LLÝ7á¤�~�(�§~X��N

XTi2O3§�kn�NXFeTiO3 ÚLiNbO3"7ù�(�´TiO2 �Ì��¬N(

�§�´��zÔ�~��¬N(� [7]"

ã 1.1: k¬�á��(�«¿ã§Ù¥A ��lf§B�LÞ7á�lf§O

��lf"

3þ¡0��õ«¬N(�¥§LiTi2O4áu'�~��k¬�(�"X

ã1.1 ¤«�k¬�(�«¿ã§7Ú¥O�L��f§ùÚ¥B �LLÞ7

á�f§ÉÚ¥A�L�lf"Ù¥LÞ7á�f�8���f¤��§/

¤l¡N�(�"8���f�7X7álf¬�)��l¡N¬N|§L

Þ7ád ;��5 g{¿ÝÏLÚ\¬N|��^¬u)3�"Xã1.2 ¤«

�LiTi2O4 ¥Ti d ;�3¬N|¥�3�"Ti d ;�Ì�3�¤t2g ;�Úeg

;�§Út2g ;�(=dxy§dyz§dzx)�'§eg ;�(=dx2−y2 Úd3z2−r2¤äk�p

�Uþ"3LiTi2O4 NX¥§��f�7Ti �f/¤�l¡N�3é��n

�ÆC"Ï~�¹e§ù��ÆC�±¦t2g ;�?�Ú3�¤a1g Úeg �
[17]"

3LiTi2O4 �U�(�¥§t2g Úeg �m�3�Y§dun�ÆCé�§ØU


¦U�(��t2g f�?�Ú�)3�"

2
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ã 1.2: LiTi2O4 ¥Ti d ;�3l¡N¬N|¥�3� [17]"

1.1.2 LLLÞÞÞ777ááá���zzzÔÔÔ���>>>fffAAA555

LÞ7á�zÔØ
�±�â¬N(�?1©a§��±�â>fA5é

Ù?1©a"~XTiO2§KTaO3 ÚCaWO4 ´äkd
0 >f��ý�N§�±L

«¤K+Ta5+(O2−)3
[7]"ù
NXÑ´éÐ�ý�N§
�k�é����Y§

LyÑ|^5"Cu2O�>f��±L«¤(Cu+)2O
2−§§´��÷>f�4Ü

��d10 >f(��ý��zÔ [18]"

äk�W÷d��LÞ7á�zÔ�õêÑ´ý�5�"ù
á��d �

{¿Ý3zÆ���^eu)3�"�Xþ¡ã1.2)º�@�§¬N|�±

¦d ��{¿Ý3�§Ïd3Ü©W¿�d �NX¥�
á��¬Ñyý�5

�"7á-7á���±¦d �u)3�§�´3ù«�¹e�YÏ~é�§�


NX3p§ew«7á1�§~XLÞ7á�zÔTi2O3ÚVO2§§�3$

§e��7á§
3p§e¬C¤7á5 [19,20]"éu��W÷�NX§§ä

kMott-Hubbard ��p�^�)�ý�1�""

^5ý�á��´LÞ7á�zÔ¥��a"~XNiOÚCr2O3 ´äk�

÷d ��LÞ7á�zÔ [18]"Ø¹,�7á�Ó�aLÞ7á�zÔäk�Ó

�5�§ù¿�XØ
^Ý�m�f�p�^�±�)^kS	§äk��é

>f�.�LÞ7álfÚ@
�á�,�lf�>f�.�q§Ï~�¹e

§�´�c^"X��zÔ��´éÐ�ý�N§Úäkd0 ��zÜÔaq§

�´�zÜÔ¥���'~��zÆOþ'�§¬¦Ù�)��NÚr�1á

Â5�"~Xäk­�A^d��c�NÚ�0�Ñ´^5ý�N"

Ú�õê�ý��zÔaq§ý��LÞ7á�zÔLyÑ��N5�§

�´3�õê�¹e§duLÞ7á�zÔá�¥�3X���UY§Ïdé

J*	������N5�"¢Sþ§3�zÆOþ�zÜÔ½ök"��z

ÜÔ¥�±*	���N1�"3ù«�¹e§ÏLUC�,lf�ßÝÒ�
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±¦á�l��NG��7áG�LÞ"~X3NaxWO3 á�¥§�x<0.3 �§

NaxWO3 ´��n-.��N [21]§�x>0.3 �§NaxWO3 äk7á5�"

3LÞ7á�zÔ¥�k�aAÏ�á�§=��N§~Xv�zÔ��

NÚp§Ô�zÔ��N"1964 c§Schooley�<uy3"���¹e��Ñ

Wv¶(��SrTiO3á�äk��>5§Ù��=C§ÝTc ∼ 0.4 K [22]"1973

c§Johnston �<ÏLUCk¬�(�Li1+xTi2−xO4 á�¥�Li/Ti'~§u

y�x < 1/3��¬äk��>5§Ù��=C§ÝTc ∼ 13.7 K [6]"1986 c§

Muller ÚBednorz uy
La-Ba-Cu-O NX�Ô�zÔ��N§��=C§ÝTc

∼ 30 K [23]"ù«�zÔ��NØU{ü�^DÚ�BCS nØ5)º§§�ä

k#���Å�§n)Ù��ÅnkÏu<�uy�pTc ���á�"La-Ba-

Cu-O NX�uymé
<�ïÄp§Ô�zÔ��N�9� [24]"�e5·Ì

�0��eLÞ7á�zÔ��N¥k¬�(��LiTi2O4 ÚWv¶(��>

f.Ô�zÔLa2−xCexCuO4±δ(LCCO)á��5�"

1.2 k¬��zÔLiTi2O4á��(�Ú5�

1.2.1 LiTi2O4ááá������(((���

8cuy�¤k��á�¥§�ké���Ü©´�zÔ§
�Ø
TiO

ÚNbO ��zÔ§A�¤k��zÔ��NÑ´dLÞ7á/¤�n�½õ�

zÜÔ"3ù
�zÔ��N¥Ø
p§Ô�zÔ	§�k��Ôn5�'�

k��á�§§Ò´k¬�(���zÔ��NLiTi2O4"ù�NXU
Úå<

�'5�Ì��Ï´µÄk§3®��300õ«k¬�NX¥§�kCuRh2Se4

(Tc=3.49 K)§CuV2S4 (Tc=4.45 K)§CuRh2S4 (Tc=4.8 K) [25]ÚLiTi2O4 (Tc=13

K)ùo«á�´��N [26]"3ùo«k¬���N¥LiTi2O4 äk�p���

=C§Ý§8cU��13 K �m [6]§
�§´k¬���N¥����zÔ"

Ùg§§´�êØõ�A�n�NX¥äk��>5�á�§�^uïÄ§Ú

p§Ô�zÔ�«OÚ�q�?"ÏLUCá��zÆOþ'�±¦á�u)

l7á�ý��=C [17]"ù«7áý�=C�L§�~×�§=C«méÄ§

Ïd�8c���,éuLiTi2O4 NX¥�ù«=CL§ïÄ�éõ
[27,28]§�

´'uù�=C�Å��8�Ø�<¤�"ÏdÏLéÙ?1�[/ïÄòk

Ïu·��Ð/n)ù�NX���=CÅn"

k¬�(�kü«§�«´�~�k¬�(�A[B2]O4§,�«´�k¬�

(�B[AB]O4§)ÒS��fL«ÓâXl¡N ���lf"®"Úü¬�X

��û�(XRD) [17,30]§±9¥fû� [31] �(Jw«LiTi2O4 áu~5�k¬�

(�[x§§��m+´Fd3m"��¡%á�k¬�(��ü��±^AB2O4

/ª5L«§§´d32 ���f|¤�Cqá��
�§Ù¥AB2O4 �O �

L��f"éuù��
�§z�ü�¥d�lfÚ�lf/¤32��l¡N

Ú64��o¡N"AÚB�lf u���l¡N¥%£=16� �¤Úl©�

�o¡N�¥%£=8� �¤"z�¬�¥�¹8 �AB2O4 ü�"Xã1.3 ¤«

�LiTi2O4 á��k¬�(�«¿ã§Ù¥Li �L�´AB2O4 ¥�A lf§Ti
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ã 1.3: LiTi2O4 á��(�«¿ã
[29]§ùÚÜ©´Ti-O/¤�l¡N(�§�

ÚÜ©´Li-O/¤�o¡N(�"

�L�´B lf"3ù«(�¥§Li lfÚ4��lf/¤Li-Oo¡N§Xã¥

�ÚÜ©§Ti lfÚ8 ��lf/¤Ti-Ol¡N§Xã¥ùÚÜ©"LiTi2O4N

X¥�Ti´LÞ7álf§3LiTi2O4 zÜÔ¥Ti �zÜd�+3.5"

1.2.2 LiTi2O4ááá������ÄÄÄ���555���

'uv��ù�n�zÜÔ§@Ï<�ïÄ'�õ�´k¬�(�

�Li4Ti5O12zÜÔ§§äkLÞ7á~5�5�§=´ý�N"3Li1+xTi2−xO4

NX���L§¥ÏLUCLi ÚTi �'~§�¬�±u)lý���7á�

���=C"Xã1.4 ¤«§�x ≥ 1/3 �§�¬´ý�N¶��,x ≤ 1/3 �§

�¬3$§eÑy��>5 [6]§��=C§Ý311.3 K �m"3L��A�c

S§<�év��ù«á�?1
�þ�¢�ÚnØïÄ§¿
)
ù�á�

��
Ä�A5"

1976cJohnston�<Jp
Li1+xTi2−xO4õ¬�¬��þ§¿é�¬�

���Ú�~�5�?1
ïÄ§Ù¥��=C§ÝJp�13.7K§´8

cLi1+xTi2−xO4 NXU����pTc
[17]" 1988cMassidda�<|^U�O�

�ÑLiTi2O4 NX�ü�(�§Ù>(ÍÜ~ê�λel−ph=0.6§áu¥�rÝ�

>(ÍÜ [32,33]"2004cSun�<æ^���({��ÑLiTi2O4 õ¬�¬§¿é

Ù$§'9?1ÿþ"'9��z�)(fÚ>f§3$§�§(f��z

ªuT3§Ïd�±�Ø(f��z5��>f��z§l$§'9(J¥�

ÑLiTi2O4 �>(ÍÜ~ê�0.65 [34]"Tang �<|^Andreev ���ÑLiTi2O4

NX�>(ÍÜ~ê�0.657§ù��cnØO�Ú$§'9�(J�q§Ó

��ÑLiTi2O4 �"§UY∆0=1.9 meV§2∆0/kBTC ≈ 4§y²LiTi2O4 ´�Î

5
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ÜBCS nØ�s Å��N [35]"

ã 1.4: ØÓ�,�Li1+xTi2−xO4 �¬�>{Ç�§ÝCz­�
[6]"

Tunstall�<éLiTi2O4 NX�Ø^��(NMR)(J [36] ÚChen �<ÿÁ

�^X ��(J [37]§þy¢
�¬¥�3Xd-d >f'é±9á§�g^S"

Jin�< [38] ÏL^zÇÿ��¬�oÍÜrÝ�1.8§Ù¥�)>f- >fÍÜ

Ú>f- (fÍÜ§�ØK>(ÍÜrÝ§�ÑLiTi2O4 NX�>f- >fÍÜ

~ê�1.2§ùáu�r�>f- >f'é"éLiTi2O4 NXC40 c5�ïÄ(

J?1o(§·��ÑµLiTi2O4NX´��s ÅBCS ��N§NX¥�3�r

�d-d >f'éÚá§�g^S"

ã 1.5: Li1+xTi2−xO4ÚLiAlyTi2−yO4 zÜÔ7á- ý�=C��ã [39]"

ÏLN!Li1+xTi2−xO4á�¥�zÆOþ'�±���¬�5��x Cz

6



1�Ù Úó

��ã"Xã1.5¤«§ù��ã´Fazileh�<�âzÜÔLi1+xTi2−xO4 ÚLiAly

Ti2−yO4 ©O�x Úy Cz���¢�êâMï� [17,39–42]"ÏL|^ØÓEâÚ

Ããÿþ^zÇÚ>{Ç§�OÑLi1+xTi2−xO4 á�¥�����,«mÚ7

á-�7á=C��.�,ßÝ"3ù
ÿþ¥¦^
§Ý�6��|^^55

��7á-�7á��.�,ßÝ"�X�,ßÝ�O\�|^^5~�§ùL

²3�.�,�§�>>fßÝ~�"�X�,�Ú\Ú�,þ�O\§W¿

Xêü$§3Li1+xTi2−xO4 ÚLiAlyTi2−yO4 NX¥§�x=1/3 Úy=1.0 �§W

¿ü�""3ù��,ßÝ�§��þvk>f¤±NX�ý�N"¢Sþ§

Uì²�5w§7á- ý�=Cu)3�$��,ßÝ§=xc ∼ 0.15 Úyc ∼
0.33"

ã 1.6: SatpathyÚMartin �<O��LiTi2O4õ¬á��U�(�
[32]"

1987c§SatpathyÚMartin�<|^Û��ÝCqnØO�ÑLiTi2O4 �>

fU�(� [32]§¦��ïÄ(J�Massidda �<|^�>f³�5APW ��

{O�Ñ�U�´��� [33]"ù��C¤�U?�U�(�Xã1.6 ¤«§Ù

¥O 2p ��©��Ti 3d ;��)��Y�2.4 eV§Ti�l¡N¬N|òTi 3d

�3�¤$U�t2g ÚpU�eg§ùü���m�UY���1 eV"LiTi2O4 �

¤�¡ uTi �f�t2g ;�þ§§�O �2p ;��m�UY�2.6eV§Ïdù

�NX¥ØI��Äp-d >f,z�K�§áuü>f�(�"LiTi2O4 ´�>
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LÞ7á�zÔ�������9Ô5ïÄ

f- >f'é�r�NX§Ti�d ;�3��t2g ´n­{¿�§��Ti  �U

Óâ��>f½ö�� §ÏdTi lf´±+3 d½ö+4 d�3§>fd��

±L«�Li+1(Ti+3.5)2(O
−2)4"ù�NX�¤�U? ut2g f��.Ü§éu

zÆOþ�1:2:4 �v��zÜÔ5`§§´o©���W÷�"

þ¡¤0��'uLiTi2O4�Ä�5�Ñ´3õ¬�¬¥¼�§�
éÙ?

1�\�ïÄ§I���p�þ�ü¬�¬"C30 c§<�3JpLiTi2O4�

¬�þ�¡�
éõ�}ÁÚãå§�´E,Ã{��­½�ü¬�¬§{N


<�éÙÔ5�?�ÚïÄ"ü¬�¬J±¼���Ï´µ��¡Ti3+ l

f3�z�¸¥Ø­½¶,��¡�Ï´NX¥Li+ lf¹¸§§N´l¬�

�8a �£Ä�16c  � [26]"�CAc§<�æ^PLD Eâ��ÑLiTi2O4 ü

¬��§�¬äk��>5 [43,44]"ü¬���Ñy�Ñ
þ¡¤`�":§Ï

d�±��ïÄLiTi2O4 NX��«�ZÀJ"�´ù
ó�¿vkéLiTi2O4

�¬?1XÚ�>Ñ$5��ïÄ"��2015c§Jin �<æ^PLD Eâ§�

�Ñp�þ�LiTi2O4 	ò��§¿éÙ?1
XÚ�>Ñ$ÿþÚ��Ì�

ïÄ§1�g�Ñ
LiTi2O4 NX'u§ÝÚ^|�>f��ã
[38]§Xã1.7 ¤

«"lã¥�±wÑ311.5 K ±e�¬´���§11.5 K ∼ 50 K �m´�;�

�'�k'��^{§�§Ýpu50 K�§�¬LyÑ�g^Þák'�K^

{1�"��§Chen �<éLiTi2O4 ��?1
$§.ù1Ì�ÿÁ§uyN

X¥�3X>(ÍÜ§
�>(ÍÜ3�K^{�=C§Ý50 K �Ñy
É~

y� [45]"

ã 1.7: LiTi2O4 ���>f��ã
[38]"

3��Ñp�þLiTi2O4 ���Ä:þ§Maruyama ÚYoshimatsu �<æ

^>zÆ�{éLiTi2O4 ���?1
Li+ N�§Áã)û3LiTi2O4NX¥7

á- ý�=C�ÔnÅ�"�´ÏL>zÆN�uyù�=C«mE,éÄ§

ÏdE,Ã{���õ�&E [27,46]"�C§He�<éØÓ���LiTi2O4 ��
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?1
��Ì�ïÄ§uy3[111]Ú[110] ����¬þÑyA�ÀÚ�§


3[001] ����¬¥¿vkuy§ù«��É5���Ì5gu>(ÍÜ��

�É5 [47]"Zhang �<é[111]Ú[001]���LiTi2O4 ��?1
Cù	��1

Ì�ÿÁ§ïÄuy37á�§[001] �����Cù	��Ç�u[111] ���

¬�ù	��Ç [48]"ù
¢�(JÑ`²
ØÓ���LiTi2O4 ���m�3

X��É5"

1.3 p§Ô�zÔ��N{0

1911c[Bd3éHg7áü§�uy§�§Ýü�4.2 KNC�§Hg7á

�>{â,��§l
uy
1����N [49]"��<�ºYuyÚÜ¤
�

þ�Ü7 [50]§n�zÜÔ±9õ�zÜÔ [51]���N§��=C§Ý�l�Ð

�4.2 K,p�y3�134 K�m [52]"
p§��á��&¢lØm��Ån�

)û§Bardeen§CooperÚSchrieffer �<éù«">{1��Ñ
Ün�nØ

)º§=¤¢�BCS nØ [53]"3ù�nØ¥§¦�b�XÚ´d¬��Ä��

>f�0��m��p�^�>fíN|¤�§=¤¢�(f-u"�5<�

uy
äkWv¶(��Ô�zÔp§��N"ÏL�þ�¢�(Jy¢§Ù

��>5ØU��^BCS nØ)º§`²Ô�zÔ��Näk�E,���>

5Å�"�â��>5UÄ�BCS nØ)º�±ò��N©�üa§ÎÜBCS

>f�éÅ����á��¡�DÚ��N§
ØÎÜBCS nØ���á��

¡��~5��N"

k��´3p§Ô�zÔ��Nuy�c§A�vk<ýÿ�LÞ7á�

zÔ�Uä�p§��>5"Ô�zÔ��N�Ñy¦á��ÆÚÔn+��

)
�|�·"<�Ï~@�§�zÔá�AT´ý�N½ö��N§�´l

5ÑØ´Ð��N"��5`§37á�zÔá�¥§��fäk�é�p�

>f�Úå§§¬£Ø7á�f�d>f§du��>f��pÓâp ;�Ú

�$��Óâ�7á;��m�BUY¦NXLyÑ´��U�ý�N§�´

ù�{ü�U�ãééõ�LÞ7á�zÔ5`¿Ø·^"ü>fU�nØý

ÿù
NX´Ü©W¿�d�§��5¿�´ù
NX3$§eE,äký�5

�"~X§3>fEâ¥§�zÔ>b´�a�~­��á� [54]§du§��

ý�5§1ÆÚ0>5�§¦Ùäkéõ�A^§�´3�>�¡�A^A�

vk"�XLÞ7á�zÔ¥La-Ba-Cu-O ��N�uy [24]§±9��Acu

y�Ù§Ô�zÔp§��N§��UC
<��*gÚïÄ��"3Ô�z

Ô��Nuy�§<�éù
á��ÔnÚzÆ5��ïÄÝ\
��õ�°

å§F"3ù
á�½ö�'�á�¥uy��¿§��N"

p§Ô�zÔ��N�uy�ØÈ§S�ÜÒuy
¤k�Ô�zÔp§

��NÑäkn�Ä�A5 [56]"Äk§ù
��Ná�Ñ´dCuO2 ¡�¤�§


�����m���~f"1�§��=C§Ýp���NÑ´ÏL�,¼

��§Ò´��¤¢�Mott ý�N�16fßÝ [7]"1n§¦JÑ3ïÄù


á��ÔnL§¥§òá�Cq¤��Mott ý�NÚ��á�´�'­��"

9



LÞ7á�zÔ�������9Ô5ïÄ

ã 1.8: Ô�zÔ��N�>f��ãÚ;.¬N(� [55]§(a) >f.Ô�zÔ

>f��ã§(b) �Ç.Ô�zÔ>f��ã"

�â�,�f�ØÓ§p§Ô�zÔ��N�±©�üa§=�Ç.��NÚ

>f.��N"

ã1.8w«�´>f.Ú�Ç.Ô�zÔ��N��ã"l�ã¥�±w

Ñ§3�,é��«�§ã¥7ÚÜ©«�§NXäk�§�c^kS§áu

�÷��Mott ý�N"�X�,ßÝ�O\§>f�16fßÝu)
Cz"

�L�,��.�§�c^kS�»�§,�?\¤¢��UY½öj�,«

�£�Ú«�¤"�8c��§<�E,vk�Ù/n)ùÜ©«���
Ñ

$5�"�ã¥3$�,Ú¤�- �N«�£ÉÚ«�¤�m�«�Ü©§±

93�p��=C§Ýþ��«�£xÚ«�¤§¡��¤��N«�"T«

��9åÆ1�¢SþÚ¤��N�1��q",
§NX3T«��Ñ$1

��§ÝäkØÏ~�5Æ"�´duù
ØÓÏ~�Ñ$5�§ùÜ©«�

�¡��¤��N«�"�X�,ßÝ�O\§NX���Ü©¥y���º

£Dome¤/G§3�Z�,Ñy�pTc"

é'>f.Ú�Ç.�,Ô�zÔ��N��ã§�±wÑü�NXÑ�

X�,ßÝl$�pÅì/O\§Ñ²{
j�,§�Z�,ÚL�,«�"

�ö�ØÓ�?3uµ

£1¤��Ç.Ô�zÔ�'§>f.Ô�zÔ��ã'�ZÀ"§��c

^«�'��§Ïd�X�,ßÝ�O\§G�§Ý£TN¤eü��Ý'�Ç

.��úéõ§�§Ý�$��c^«�Ú���C�"

£2¤>f.Ô�zÔØ
ÉzÆ�,�K�	§��)��ò»L§��

�¹þ�Cz�¬î­K�NX�A5"��=C§Ý'�Ç.�,�$§�

�,���"
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£3¤3�Ç.�,��ã¥§$�,�p§«�k�^L��UY�§Ý

­� [57]§�´>f.�,�p§«K´á§�c^S½öÞáÓÌ�§vka

q��UY"

£4¤�Ç.�,Ô�zÔ¥¤��NÚ�UYò�����«���:±

þk��ÛÉ7á«�§>{1�Ì�´ÉþfÞáK�§��§ÝCz>{

¥�5">f.Ô�zÔ¥¤��N�>.3�����/� [58]"����~

�«��kÛÉ7á«�"

Ø
þ¡o:ØÓ�	§üövkÙ§²w�«O"

1.3.1 ÔÔÔ���zzzÔÔÔ������NNN���©©©aaaÚÚÚïïïÄÄÄ???ÐÐÐ

p§Ô�zÔ��N�(���´ABO3 .�Wv¶§Ï~NX¥�3X

ÆC½öû)"Ò�c¡J��§NX¥�3X��½öõ��CuO2 ¡�>

�§CuO2�þe�ý���m"8c<�ÊH@�CuO2 ¡´TNX���5


§þe�ý���¡�16f¥�"NX¥dulf�,�"�!zÆO�

Ú�¹þCz����(�Ø��§l
¦16f¥��)�	�16f§ù


16f?\CuO2 ¦NXÑy��>5
[59]"éu>f.Ú�Ç.Ô�zÔØ


�ãþ�3�É	§üö�¬N(��äk����O"Xã1.9 ¥¤«�>

f.R2−xCexCuO4Ú�Ç.La2−xSrxCuO4�¬N(�">f.Ô�zÔ¬N(

�¥Ô�¡þz�Cu �f;��ko���f§ù
��f?uÓ�²¡§¡

�Ô�²¡�D�.§Ï~¡�T
′
�"�Ç.Ô�zÔ¬N(�¥�Cu�f�

±��8���f/¤��l¡N(��ñ�.§Ï~¡�T�"

ã 1.9: >f.Ô�zÔR2−xCexCuO4 £�¤Ú�Ç.Ô�zÔLa2−xSrxCuO4

£m¤�(�«¿ã§R ´Dèlf§�)Nd§Pr§Sm½öEu [60]"

Ø
>f.Ú�Ç.Ô�zÔ��N§Ô�zÔp§��N�k�«a.§

=Ã�Ô��zÜÔ"~X��=C§Ý�40 K �Sr1−xNdxCuO2 Ú��=C

11



LÞ7á�zÔ�������9Ô5ïÄ

§Ý�110 K �(Sr1−xCax)1−yCuO2§§�Ì�´d�>�CuO2 |¤"�Ø©

¥·��9��Ô�zÔ�´>f.Ô�zÔLa2−xCexCuO4§éÙ§ü«vk

�9"e¡·�{ü0��eÔ�zÔ��N�uÐ¤"

�X�zÔ��N�ÑyÚuÐ§<�uy
�5�õ�p§��N"

Bednorz ÚMuller 31986 cÄguy
J�Ô���N§Ù=C§Ý�35K§

l
iå
<�ïÄp§��N�S4 [23]"��31987 c§Á²É�<3p

ØeéLa-Ba-Cu-O NX?1$§>{ÿÁ§(Juy��=C§ÝU��52

K [24]"Óc¥I�Æ�ÔnïÄ¤ë§pÚ�á��<3Ü¤�J+Ô�NX

¥�uy
p�48.6 K ���N [61]"|^zÆ�{?1lf�,ÚO�§Ü¤


��=C§ÝTc �L90 K �Y-Ba-Cu-O NX [10,61]§ù3á�ÚÔnïÄ+

�Úå
é��ñÄ§Ï�ù�uy¢y
��=C§Ý3��§«§���

á��A^Jø
�U"��<�m©ØäÏé=C§Ý�p§Ü¤�N´�

Ô�zÔ��N"Maeda �<3�+WÔ�NX¥uy
Tc p�110 K ���

á�§ù���á�vk²L�,Dè�� [62]"1988 cSheng�<�����

WÔ�NX��=C§Ý��125 K [63]"1993 c§Schinlling �<��Ñ3~Ø

e��=C§Ý�u130 K �Hg-Ba-Ca-Cu-O NX [64]"
ù�NX3pØeÿ

Á�§��=C§ÝU��164 K [65]"

þ¡·�0��ù
p§��á�Ñ´�Ç.Ô�zÔ��N§=^$

d���lfO�pd��Dèlf§~X3La2−xSrxCuO4 NX¥´^$d

�Sr2+ O�
pd�La3+"Ó���±ÀJO\�¹þ��{§��u3�

¬¥O\�Ç�êþ"�Ç.�,�«akéõ§ùpÒØ��0�
"�

'u�Ç.�,�Ô�zÔ��N§>f.Ô�zÔ��N[x�¤
é

�"1989 c§Tokura �<ÏL¦^pd��Ce4+ lf?1�,§��Dè�

lfNd3+§¼�
1��>f.�Ô�zÔ��NNd2−xCexCuO4§3x=0.15

�§��=C§ÝU�24 K [66]"��Ñy
�X�#�>f.Ô�zÔN

X§Ì�kLn2−xCexCuO4(Ln=Nd, Pr, Sm, EuÚLa) ÚPr1−xLaCexCuO4"Ù

¥La2−xCexCuO4 ´8c�����=C§Ý�p�>f.Ô�zÔNX§Ù

¥Tc ∼ 30 K"

1.3.2 >>>fff...ÔÔÔ���zzzÔÔÔLa2−xCexCuO4±δ ááá������555���

éuLa2−xCexCuO4NX§§�1N´ý��La2CuO4§áuT �§��¼

���>5§I�éÙ?1�,½ö��ò»§¦Ù��­½�T
′
�"XÛâ

U¼�­½�T
′
�QºBringley [67] ÚManthiram�< [68] JÑ^Wv¶(��

N=Ïft 5�ä¼�­½T
′
�^�§Ùúª�

t =
γi(Ln

3+) + γi(O
2−)√

2(γi(Cu2+) + γi(O2−)
(1.1)

Ù¥γi(Ln
3+)´¿§e���Dè���lf�»§γi(Cu

2+) ´¿§eÔ�l

f�»§γi(O
2−) ���lf�»"t L«�´¬�¥Ô��ÚJ���m�A

å��§Ý"�t = 1 �§á���{�Wv¶(�"�Xt��Øä~�§¬

12
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��m�ÆCÅìO\"�0.86 ≤ t ≤ 0.99 �§�¬�T �(�âU�±­½¶

�0.83 < t < 0.86 �§ÆC�)�Aå¦T
′
Ñy§l
�±¦á��T

′
�(�

­½¶�t < 0.83 �§ÆC�LN=4�§ùü«(�ÑØ2�3 [69,70]"·�

��>f.Ô�zÔLa2CuO4 ���>5��3uT
′
�¥§�´1NLa2CuO4

�N=Ïft �0.868§áuý��T �"Ïd·�I�éÙ?1�,"�,�

ÓzÜd§�´lf�»���Pr3+§Nd3+½Sm3+ �OLa3+ �±éN´�¦

N=Ïft ~�§��­½�T
′
� [71]"�´3��L§¥duÉ��MÝ��

�§Ã{?1Lþ��,§ÏdÃ{��lj�,�L�,����ã§l


Ø|uïÄ���>.�'��C¯K"
�,lf�»���Ce4+ ��O

DèLa3+§Ø=�±~�N=Ïft§��±�����ã¥���,«���

¬"
�l��>55w§���XDèlfLn3+ ��»O�§��=C§

ÝTc ¬,p
[72]"
La3+ ��»��§�,���¬��=C§Ý����p§

ÏdLa2−xCexCuO4±δ´>f.Ô�zÔ¥ïÄ'�õ�NX"

<�éu>f.��N�ïÄ��u�Ç.��N§Ù¥�­���

Ï´�'u�Ç.�,�Ô�zÔ��N§>f.Ô�zÔ��N�p

�þ�¬éJ¼�"Ø=�î�����,�zÆOþ'§
�ò»L§

¥��¹þ9ò»�mÑé(�Ú��>5K�é�"õ��K|Q}

ÁL��La2−xCexCuO4±δ ¬N§�´ÑØ´é¤õ"Muromachi �<��


La1.85Ce0.15CuO4±δ ¬á§uy�¬�T �(�§Øä���>5 [73]"1994

c§Yamada �<��Ñ
äk��>5�T
′
�§du(¬�þØÐ§Ã{?

1�\�ïÄ [74]"²LØä�}ÁÚ¢�§<�uy�éu¬N5`§��á

��Ü¤§Ý�$§
��.�Aå�^�±�Ï­½�¬�æ­�(�§Ï

d�±��Ü¤La2−xCexCuO4±δ �¬��ZÀJ
[71]"2000 cNaito �<|^

©få	òEâÜ¤
La1.891Ce0.109CuO4��§�¬äk��>5§��=C

§Ý�30 K [72]"3SrTiO3 �.þ����BaTiO3 �À�§|^óÀ-1�È

Eâ¤õ��ÑLa2−xCexCuO4±δ ����"ù
���Ñymé
<��\ï

ÄLa2−xCexCuO4±δ NX�S4"

1.4 LÞ7á�zÔSrCoO3−δá��5�

LÞ7á�zÔ¥�SrCoO3−δduÙ��f'�N´6ÄÉ�<��2

�'5"�â��zÆOþØÓ§SrCoOx á�LyÑü«��ØÓ�¬N(

�µWc�.�SrCoO2.5(BM-SCO) ÚWv¶.�SrCoO3−δ(P-SCO) [75–77]§Ï

dSrCoOx (2.5≤x≤3.0)´�«n��á�5ïÄ>fd��UC��Ôn5�

�Cz"<�ÏLéSrCoOx ü¬Ú���ïÄ§�ÑSrCoO2.5 ´����¬

X�¬N(�§¬�~ê�(a0=5.574 Å¶b0=5.470 Å¶c0=15.745 Å) [78,79]§Ù

�o�(��¬�~ê�(at=3.905 Å§ct/2=3.936 Å) [62,76]"SrCoO3 �¬�(

�´á�¬X§¬�~ê´(a0=b0=c0=3.829 Å) [80]"

BM-SCO´�«�c^ý�N§Ùm�§ÝTN�570 K§
P-SCO ´c^

7á§Øp§ÝTC �280 K"Xã1.10���¬X�Wc¶.SrCoO2.5Úá�

Wv¶.SrCoO3 �¬N(�«¿ã"ù«Ô5�Czå
u1/6 ��f�£
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ã 1.10: (a) ��¬X�Wc¶.SrCoO2.5 ¬N(�«¿ã§(b) á�Wv¶

.SrCoO3 �¬N(�«¿ã"���ÚÚ��ùÚ¥©OL«Sr ÚO �f§

¥����ÉÚÚ7Ú©OL«6 � Ú4 � �Co �f"

Ø§l
UC
á��¬N(�§Ó�UC
��d�Úg^�"duCo4+

d��­�I��p�Uþ§Ïd�N´=C¤��­½�Co2+ ½öCo3+ d

�§ÏdSrCoO3 �ü¬�¬éJU¼�
[78]"Jeen �<|^óÀ-1�ÈEâ§

��ÑSrCoO2.5 ��§ÏL3p�Øeò»�±��SrCoO3 �§l
¦>Ñ

$§^Ä�Ú>f(�Ñu)
Cz [79]"Zhang �<^AåN�
SrCoO3−δ ¥

��¹þ§$§eÏL�z��¦Ù(�u)=C [81]"Lu �<§|^lf�

NN���{3SrCoO2.5 NX¥¢y
>|eVlf(O2−ÚH+) ��_N�§

¦SrCoO2.5§SrCoO3−δ ÚHSrCoO2.5 n��_=z§¿ïÄ
Ùn��^Æ!

>Æ±91Æ5� [82]"

duSrCoO2.5äk�c^5�§·��}Á^Ù�c^5é�����.

¡?1N�"ÙgSrCoO2.5á�é��¯a5�±3.¡é�?1N�"


�� ´>f.Ô�zÔ��á�´Ääk��>5�'�Ï���",

	SrCoO2.5 Ù.¡�3CoO4 o¡N§
CoO4 o¡N�CuO6 l¡N�.¡¬

Ñy´L�Ôn5�"Ïd§·�À�SrCoO2.5 ��������ïõ���

á�?1ïÄ"

1.5 )�^�N��������>5

1.5.1 ������   NNN���������>>>555

éuLÞ7á�zÔ��N5ù§�¹þ�CzU���/N�á��
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Ô5"'X§ÏLÚ\�� §�±¦ü�ý���zÔLaAlO3/SrTiO3 .

¡�)��>�Ç§/¤��>fí [83,84]"3SrCoOx���L§¥Ö��±

l�c^�SrCoO2.5 ��/¤c^7á�SrCoO3�
[79]"éu>f.Ô�z

ÔLa2−xCexCuO4§Ù1N´ý��T �§ÏLý�ò»§¦Ù��Ô�l¡N

�º:�/¤T.�§l
äk��>5 [69,85–87]"

éu�Ç.Ô�zÔ§I�3�íØe)�§ò»L§¥I��þÖ�§

âU/¤���"Gupta �<XÚ/ïÄ
)��ØéYBCO ����>5�

K�§�Ñ��=C§ÝTc ��í¨�O\
O\""�  ¬¦�zÔ�¬

�)ä§éAXc ¶¬�~êO\ [88]"Ø=���É��¹þ�K�§�~�

�5��é�¹þ�Czé¯a"


���>f.Ô�zÔ����§I�3O2í¨e)�§,�?1ý�

ò»§âUäk��>5§
�ý�ò»I���§´)�>f.Ô�zÔp

§��N���Ì�J:"Kussmaul �<3��NdCeCuO���L§¥r�

í¨�¤N2O§�U��Ñp�þ�����§l
��
ý�ò»�Ú½
[89]"

�dÓ�§Lin �<3)�NdCeCuO ��L§¥§ÏL~��íØ§¼�
�

Ó��J [90]"d	§Higgins �<éPrCeCuO ?1
XÚ��¹þ�ïÄ§u

yò»L§¥UC�¹þäkÚ�,Ce�q��J§
��¬3¬N(�¥Ú

\ÃS�A [91]",
§Gauthier �<éL�,�PrCeCuO ?1ïÄ�§JÑ


ØÓ�*:§¦�@��� ���c^�'�Ý~�§l
d�c^Þá

Úå�Ñ�Ç¬~�§�)�Ç��§�ª����>5 [92]"ÏLé>f.Ô

�zÔ�éõ¢�ïÄ§y¢
��?n�´£Ø
é����f§�´%é

�¬�(�Ú5��)
é���^ [93,94]"@o�� é��>5��)Ån

´�oQº

ã 1.11: Pr2−xCexCuO4±δ ¬N(�«¿ã
[95]"

3>f.Ô�zÔRE2CuO4(RE=La§Pr§Nd§Sm§Eu)¥§�3Ùn�

�¬�¥Ì�Óâü� �µCuO2� �ÚREO�S� �"¢S��¬¥§

��3é���Ü©�(≈1%) Óâ31n� �§=CuO2 ¡þ uCu ��

þ��,� (º: )"8c'u�é��5��K�k�
)º§Ù¥��
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�*:´@�>f.Ô�zÔ¥,�Ñ��~�Ú��>5�Ñy´du�

lº: �£Ø§�)
�� "Radaell �<é��,�Nd2CuO4 1N�¬

�¥fÑ�¢��uy§T
′
��(�¥�3�
5Æ5�"�§ù´�«r

�Ñ�¥%§z�ü�¥²þk0.06% �º:�"�
 [85,96]"Ó�Schultz �<

éNd2−xCexCuO4 �¬?1¥fÑ�¢��§uy�¬¥�º:��~�

[86]"

�´RichardÚRiou�<3ïÄPr2−xCexCuO4 �¬�uy§é�¬?1��?

n§�º:�k'�Û�.ù1Ì¿vku)UC"d	§¦�3éNdÚPr �

¬N|1ÌÆïÄ¥uy§��¿vkUCº: �¥��Óâ§
��~�

u)3CuO2 ¡§Xã1.11 ¤«O(1)ÚO(2) ���§¦�@��� �Ú\

�±»�²¡S��§�c^kS§¿¦��>5Ñy [97,98]§Ïd3>f.Ô

�zÔ¥��¹þé��>5K��n)I�?�ÚïÄ"

1.5.2 AAAåååNNN���������>>>555

AåN�´N���á�Ô5��Ä�Ãã"AåN�´3��	ò

�L§¥§�.¬�é��¬��V��^"XJ�.¡S�¬�~ê

�asubstrate§���¡S¬�~ê�abulk§@oÙ��¤ÉAå�ε = (asubstrate-

abulk)/asubstrate"XJε�K�§KLy�ØAå"XJε���§KLy�.A

å"ÙUCá�¬�~ê�Uå§��u\ØÁ�¥UCá��¬�~ê"�

ÙUC¬�~ê���´V��§QUO�¬�~ê�U~�¬�~ê"

ã 1.12: SrTiO3ÚSrLaAlO3þLa1.9Sr0.1CuO4 �>{�§ÝCz�­�
[99]"

�'uØåÁ�I��«\Ø���§�.éá��\�Aå�±�B
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1�Ù Úó

�éá�?1ÿÁ"Ïd§AåN�´�«�~k��§����§­½�

N�á�(��Ãã"@31998c§Locquet�<ÏL	òAå���/N�


La1.9Sr0.1CuO4 �����=C§Ý
[99]"Xã1.12¤«§�±wÑ3�.É�

.Aå�§��=C§Ý�ÌÝü$"
É�ØAå�§��=C§Ý�ÌÝ

,p"¦�ÄgJÑ
A^	òAåJp�������=C§Ý�*:"|

^Aå�^��±���JpFeSe �����>5"Hsu�<���FeSe ¬á§

��=C§ÝØ�10 K [100]"��Lei �<ÏLlf�NN��±òFeSe á��

��=C§Ý,p�40 K�m [101]"
3SrTiO3 �.þ��1 u.c. �FeSe ��§

Ù��=C§Ý��65 K [102]"Phan�<uy3FeSeá�¥¡SØAå�±Ú

å�7á�>f�Ú�Ç�é���U£�U�UþºÝ´∆Eh−e¤§�¬��

X>fÚ�Ç¤�¡�C�§l
JpTc"¡S.Aå�±¦�7á�>f�

Ú�Ç��U~�§��¤�¡Â ÚO\����Ø­½§l
³���>

5 [103]"

�X¥�
�>ºEâ�uÐÚÊ9§�þ����f�(��ØJ��"

'X§��f�þ��§�Æ[�3éõ�NXUw��� ½ö��f�k

S"
8c�[ÊH�*:´AåU��Wv¶�zÔá�¥�� � �"

Meyer �<3ØÓ�.!ØÓò»�Øe)�
�X�La1.85Sr0.15CuO4 ��§

uy��Aå´���¹þ�'�Ï�"Ï�lØAå�.Aå§L¡��Ä

U�±UC��þ? [104]§Xã1.13¤«"
ù«ÄåÆ1�´	ò���¹þ

�Ì�Ï�"Ïd§UCAåÓ��±K��¹þ§l
K���á����

=C§Ý"

ã 1.13: 20 nmþ�LSCO��3LAO(.Aå)ÚLSAO(ØAå)�.þ�¡	c¶

¬�~ê"3500 ◦C � )��§�ò»�Úý�ò»ØÓ�m��¬¤ÿ�

�¬�~ê [104]"
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1.5.3 ...¡¡¡NNN���������>>>555

.¡á��Ôn5�´8cïÄ�9:¯K��"Reyren�<Äk3

ü�ý�NLaAlO3/SrTiO3 .¡uy
����>5
[105]"éu15 uc Ú8 uc

�LaAlO3/ SrTiO3 .¡§©O3�100 mK Ú200 mK e?\
���§¿

�180 mT �^|�±³���=C"Caviglia�<ïÄuy3SrTiO3 �.þ

�\>|U
N!LaAlO3/SrTiO3 .¡���"�X�>Ø�~�§16fß

ÝÑ¦§.¡���>5�³� [106]"Jin �<3SrTiO3 �.þÏL��j�

,ÚL�,�LCCO ÚPCCO ����¬�(�§uy.¡�N�¦j�,

��¬�Tc ��
wÍ�Jp
[58]" Ivan �K|��
j�,£ý�5¤ÚL

�,£7á5¤�(La1−xSrx)CuO4 V��§uy�U^S�ý�-7á���§

Tc U��15 K§��§�U7á- ý��^S���§Tc U��30 K [107]"¬

NFeSe���=C§ÝTc ∼ 9 K§UY�∆ ∼ 2.2 meV [100]"�FeSeü©f��

�3SrTiO3 �.þ�Ñy
¿�Ø��(J
[108]"34.2K ���Ìw«k��

��UY∆ ∼ 20 meV§'¬N����êþ?"�X��þÝ�O\§Tc �Å

ì~� [109]"

ã 1.14: / �0�$L3ØÓ^|e16fßÝÚ§Ý��ã§(a)-(c) ØÓ

^|eM1 C�ØÓ16fßÝ�R − T ­�§(a) B⊥=0T, (b) B⊥=0.4T§(c)

B⊥=8T"�$§e^|p���-ý�- 7á=C"(d)-(f) éAX�ØÓ^|e

��ã [110]"

�$LduÙ(�{ü§´ïÄ��Ån�n�á���"<�ÏLw7

álf�,§¦�$L���.§Ýl0.15 �11.5 K Ø�§�ù«�,¿Ø�

�§¿ØU��Ù����Ï"�C§Cao �<¤õòü��$L²L”Û=0
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1�Ù Úó

�U@3�å§/¤Û­�V��$L(�§Û=��Ýθ Òû½
ü��$

L�).�IU�,z�J [111]"ÏL�>ØN�Eâ§Ò�±ëYUCÙ1

6f"¦/ �0�$LU
2yp§��1N¥�#Aý��§31.4×1012

cm−2 16fßÝe§ ��1.16◦ Ú1.05◦ ü«�/e§ÑÑy
��>5§�

�=C§Ý�p�1.7 K§Xã1.14 ¤« [110]"-<�~¯��´§3#Aý�

NüýØÓ16fßÝe§þÑy
�Ô�.���«§Úp§��N�>f

��ãXÑ�õ"Ïd§.¡��duÙ�ö�5§´�m��Ån�'��

�"

1.6 �©Ì�(�

�©�ó�Ì�´�7k¬��zÔ��NLiTi2O4NXmÐ�"
À

JLiTi2O4 NX�Ì��Ïke¡A:µ£1¤LiTi2O4 ´���k¬��zÔ�

�N¶£2¤LiTi2O4 á��(�Ú��>5'�­½¶£3¤ÏLN!�ØÚLi

lfÑUN!á����5¶£4¤§�(�Úé��¯a5�>f.Ô�z

ÔLa2−xCexCuO4±δ aq§ïÄÙ5�kÏu·�?�Ún)Ô�zÔ��N�

��>5¶£5¤������¬'���§U
?11���¡§Bu?1�

'Ñ$�ÿþ"

�e5©ÙÌ�©�8Ü©µ£1¤1�ÙÌ�0�¢�L§¥¦^���

��EâÚÿþEâ±9�n¶£2¤1nÙÌ�0�AåÚ¬N��éLiTi2O4

��(�Ú>Ñ$A5�K�§uy�Xÿþ§Ý�,p§ØÓ�����

^>{Ñ�3lK^{��^>{�=�§ù`²LiTi2O4�>Ñ$5�´�

�Ó5�¶£3¤1oÙÌ�0�°[N�)��Ø§UC�¬��zÆOþ

'§¦�¬u)lLiTi2O4 �Li4Ti5O12 �=C"�K^{�=C§Ý�X�¹

þ�O\kO��~�§ù´du�� k|uLiTi2O4 �¬�;�kS"?

�ÚO\�¹þ§»�
ù«kS§¦�^{O\¶£4¤1ÊÙÌ�0���


SrCoO2.5 �La2−xCexCuO4±δ(LCCO) �õ���§æ^.¡N�LCCO��

���>5§duSrCoO2.5 ��3��¸¥N´��/¤SrCoO3−δ§l
N

�LCCO ����¹þ§?�Ún)>f.Ô�zÔ��N���Ån¶£5¤

18Ù´o(�Ð""

·��ó�´3��K|�Ñ�LiTi2O4 NX^|Ú§Ý�>f��ã�

Ä:þ§UYéTNX?1�\�\�ïÄÚ©Û§'XØÓ�.§ØÓ��

é����5��K�¶Ó��Ä�¹þ�N��^§ïá�¹þÚ^{�'

X¶��0�
¡SAåé>f.Ô�zÔLCCO ��(�Ú��>5��^§

?�Ún)�¹þ!Aåé��N�K�§l
é·�n)p§��N���

Ånké���Ï"
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1�Ù �������ÚL�

111���ÙÙÙ ���������������������ÚÚÚLLL���

�~5��N�>f�éÅ���´���)��§�Æ[���3ù

�¡�XØ�ãå"�¬Ð�ü¬�¬´�m��Ån �¡ã����Ä

��cJ"k
á�����3~§~Øe�æ­�§Ïdü¬¬á��¬

J±��"
õ¬��¬éJüØKdu(�!���Ï�éÔ5�K�§�

�
��Ån�ïÄ"~XLiTi2O4 á��8c��E,vkü¬�¬�Ñ

y§<��U,8¿»§ÏL��LiTi2O4 ��5ïÄÙ5�"éu>f.Ô

�zÔLa2−xCexCuO4±δ§2003c§F�Oka �< [112] ^LJ2«(TSFZ) {)

�LCCO�ü¬§�U������T �"�'uü¬§���Ü¤§Ý�$§


��.�	ò�^�±­½á�¥�æ­�§�±��Ï~¬á���{Ã

{���æ­� [113]§p�þ�	ò�����±��ü¬�¬?1�'�Ô5

ÿþ"

2.1 ����EâÚ�n

2.1.1 ������������������{{{

��������{�,kéõ«§��NþÌ�©�zÆÚÔnü«

�{"Ù¥zÆ�{Ì��|^zÆM��È{(chemical solution deposition,

CSD)§§´3DÚ�M�-v�{(Sol-gel) �Ä:þuÐå5��«����

�{"�âc°N�NM�����ªÚ�{�ØÓ�±?1��[��©

a§Ù¥�¹DÚ�M�- v�{(Sol-gel)§Pechini{Úp©fàÜÔ9Ï�

È{(Polymer-assisted-deposition) �"æ^zÆM�{�È���Ì�L§�µ

Äk�â¤���á�ÀJÜ·���§�)ÃÅ½ökÅ��§,�ÏL�

�!\9��{M)3Ü·�MJ¥§���Ò´c°NM�¶Ùg§òc°

NM�ÏL^æ½ö�æ��{æ3ü¬�.þ¶òæ!3ü¬þ���3�

$�§Ýe?1\9§�ØK��¥�kÅÔ¶��§ò�ØLkÅÔ���

3p§e?1ò»?n§±¼�¤I��ü¬½öõ¬��"zÆM��È{

�������6§Xã2.1 ¤«"

ù«�{�¤��$§ö�{ü§��±Ïá"�´zÆM��È{��

����3éõ�¯K§~X������É'�õ¶��¥�3�õ�"�¶

���)�Ån��E,¶¬z§Ý�é�p¶��¥�U¬�3í{�kÅ

Ô§l
K���5U§éJU?1�\�\�Ô5ïÄ"

�'uzÆM��È{§���È�Ôn�{�\·^u��p�þ��

���"���È�Ôn�{Ì�´æ^�u½öí��Ãã¦�Ná�C¤

�ð½�lfN§¿�È�Ü·��.L¡?1và¤�"ù
L§¥vkz

Æ�A§X{´ÔnL§§ùp{ü0�9�u§^�í�§©fåí�ùn

«�{�Ä��nÚL§"
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ã 2.1: zÆM��È{���6§ [114]"

9�uÚ>få�u§Ì�^u7á���È§`:´ö�{ü§¤�$§

����¡È��§�´�È��ÇØÐ��§À/���§���þ!5Ú

�þ�ØÐ"

^�í�{µæ^�1�>��{¦ý5íNXArí�>u)>l§�

�Ar+lf§3>|�^eAr+lf\�¿ñÂqá�L¡§qáL¡�âf±

lf½�f�/ª�È3�.þ/¤��"`:´���pL:�á�§X�

$§¾Úv�§����þþ!��"æ^^�í��±���¡È���§

�´���¹e§�È�Ç'�$"
�^�í�L§¥N´u)K��lf

ñÂ����í�L§§����¥�¤©u) Û"

©få	òµd9�u�)��f½©fåí���.þ)¤��"d�

{�`:´�±)�ÊÏ9²ï)��{J±)��á�§
��±?1ü�

f�)�§�´)��Ç'�$§$1¤�p"

�©¥Ì�æ^óÀ-1�È{��
LiTi2O4§SrCoO2.5ÚLa2−xCexCuO4±δ

(LCCO)��§äN����nÚL§ò3e¡?1�[0�"

2.1.2 qqqááá���������

¼�p�þ���cJ´�y·�¤^�qá¤©'�X§(¬Ýp§q

á���5Ð"�©¥·�æ^�SrCoO2.5 qáÚLa2−xCexCuO4±δ qáÑ´

ÏLDÚ����A�({��§äN���ó²Xeµ

SrCoO2.5 qá��6§µ
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1�Ù �������ÚL�

1!��µO�Ñqá�zÆ�'§U'~¡þ�½þ�pX(99.9%)SrO2

ÚCoO2 ®"§3ïÄ¥ï�þ!"æ^�{ï�§=3ï�L§¥^�\·þ

Ë°"�{ï�kü:Ð?µi!;�®"3ï�L§¥�í" ii!�±�´/

éÑ®"¥���â§?1k8��ï�"�®"¿©�[��?1�("�

[��äIO´3Ë°�Z�cJe§^ïÄ;Þ�Ã®"§®"¥ëÒG"

2!�(µò�Ð�®"§?1�(§§Ý�ú,p§¦®"¿©�N§,

p�1200 ◦C ��±12 ��§,��úü§�¿§§�Ñï�"

3!2g?1Ú½1§,�òù
®"2?1Ú½2��(L§§�±�mC

�48 ��"�§Ýò�¿§�§�Ñ�N®"§?1®"X��û�(XRD)×

£§d�§®"®²Ä�¥SrCoO2.5 �"

4!��qáµò�(Ð�®"�\�»�23 mm��ä¥§ò�ä�3Ø

¡Åþ§?1Øq"òØå­½330 Mpa§Ê320 ©¨"òØ�Ð��¡�\

ê6¬­#�("�(L§¥§Ý�ú,p§,p�1200 ◦C ��±12 ��§

,�^bf���Ñ§×��\��¥e%§¤�qá�XRD (JXã2.2 ¤

«"��5¿�´p§�(�SrCoO2.5 qáI���l¬f¥<Ñ5§×��

���¥?1e%âU��·�I�����§Xã¥7ÚXRD­�§XJæ

^�¬fg,e%���SrCoO2.5 �¬Ò´8��(�§Xã¥ùÚXRD­�

¤«"

ã 2.2: SrCoO2.5qáØÓò»e�(�§(a) ���¸ee%������§

(b) g,e%���8��"
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La2−xCexCuO4±δqá��6§µ

1!��µUì¤I��qá¤©�'~§O�Ñqá�zÆ�'§U'~

¡þ�½þ�pX(99.9%)La2O3!CeO2 ÚCuO®"§Ù¥La2O3 ®"3�í¥

N´�YÚ��z%�A§)¤%�J§¤±3¡þcÏ~�k?112��900
◦C ý�§�Ø®"¥�Y©Ú��z%§,�2?1¡þ"duCu ��þ'

��§3óÀ-1�È�L§¥'�N´6�§Ïd3�'�I�õ5% Oþ'

�CuO"��ò¤k¡þ�®"�\ïÄ¥?1ï�§ï���(SrCoO2.5 a

q"

2!ý�(µòï���·Ü®"�\>bl�¥§3920 ◦C ��í¥?

1ý�12 ��§¦�«��?1ÐÚ��A§,�g,ü§�Ñ®"2?1ï

�"ï�þ!�§®"2g�\¬f¥?1920 ◦C§48����(§¦®"�

m¿©�A"�§Ýü�¿§�§�Ñ�N®"§?1XRD�ÿþ§©Û�Ñ

qá¥Ì��La2−xCexCuO4±δ �T-214 (�§Ó�®"¥��3X�þ�CuO

,�"

3!�qµØq�SrCoO2.5ØqL§aq§Ø�¤¡�òÙ�\ê6¬¥§

3�íí¨e?1�("ò§Ý�ú,�960 ◦C§,��±24 ��"��g,

ü§�¿§§òqá�Ñ"

·�æ^���(���qá��jM§ôÚÌ�¥¿çÚ§2gÏLX�

�û�(XRD)�©Û�Ñ§¤���qáÑy��c1�Ú�Ó�Ô�"Ïd§

·���
�þ�Ð�qá"

2.1.3 ���...���???nnn

3)�c§·�Äké�.?1?n§±Jp���)��þ"SrTiO3 �

.´�~^��zÔ���.��§n���¹eSrTiO3�.�±?n¤äk

��ºÝ�!²��!äkTiO2 �ª�¡"
½|þï���.L¡¿Ø´ü

�ª��§¤±·�I�éÙ�?n¦ÙC¤ü�ª��"ùpI�5¿�·

�¤	ï��.Ñ´k�½���Ý§=�Ñ5¢S�AÛ>�¬���k�

½�Y�§·�I����¦þ���."Ï��.��ü��pÝ´(½�§

������u��ü�pÝØ±��°Ý§��������°"�.?n

Ú½Xeµ

1!�WµòÄ¡U^S�\ZÑ)ZÑ¨Ë°¨�lfY¥�(§�(ª

Ç�50 Hz§zg5 ©¨§ØlZÑ�\ZÑ�mØI�NZ±	§Ù¦zg�

Ñ�k^ílòÄ¡NZ2�\e�g�("

2!�?nµòü����^�lfY�(5©¨§,�Ã�ÙÞZ/ílN

Z§WÀ���uÃ�Ùþ§����?\§òþ�Ú�WL�Ä¡NZ�\

���¥§�\�o©����Í�§^�µ��µ��(35 ©¨§^,��

�����lfY§ò�¥�(L��Ä¡�\Ù¥§�µ��µ��(5 ©

¨§2^����®��lfY§òþ�Ú�(��Ä¡�\Ù¥§XþXf

�(5 ©¨§ùng�(¥mØ^NZ§��>L�Í��pf�5¿�W"
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1�Ù �������ÚL�

3!ú�µò>b�°�W¿NZÀ�§ò���g�lfY�(��Ä¡

^ílNZ��\Ù¥§2�\ü§«+ª¬¥ú�§·�æ^±e�mÚ§

Ýµ

20 ©¨,�200 ◦C§�±5 ©¨¶

80 ©¨,�950 ◦C§�±3 ��¶

50 ©¨ü�500 ◦C§g,ü§"

ò�.�Ñ§^AFMÿÁL¡/m§?n(å�·�������ºÝ²

����ª�SrTiO3 �."AFM×£ã�X2.3¤«"

ã 2.3: SrTiO3�.?n��AFM ã(5×5 µm)"

éu¢�¥�Ù§�.§·��?11200 ◦C§2���ú�§�ØL¡À

����^u��)�"

2.1.4 óóóÀÀÀ---111���ÈÈÈ(PLD)EEEâââ

�cL¡9.¡¯K´�Æ[��~'5�¯K§du����pU>f

û�¤£Reflection High Energy Electron Diffractometer§RHEED¤�óÀ-

1�ÈEâUò��°(��30.5��f�§´8c2�A^uÄ:ïÄ��

���)�Eâ"Xã2.4�óÀ-1�ÈXÚ�«¿ã§Ù�n´|^pUþ§

pªÇ�óÀ-1��9
§l-1ì¥�Ñ§²L1»!��º!à�º?

\���)��ý�nN§í��¤�������N>b½7áqáþ§p

Uþ�-1¦qáL¡]m��ép�§Ý§�)�lfN!�f½©f�â§

ù
�lfN3ý�e½öíØe/¤�½/G���§�È�ü¬½�¬�

.þ§3�.þ?1*Ñ/¤��"|^óÀ-1�ÈEâ�����`:Ì

�ke¡A:µ

1!^d�{�±)�ü¬	ò���"k
á�ü¬4JÜ¤§óÀ-

1�ÈEâ�±ÏL��í¨!�.�^�'��t�)�ÑTá��	ò�

�"
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ã 2.4: óÀ-1�ÈXÚ�«¿ã"

2!3�ÈL§¥qá¥���Ó�±lf!�lfN!�f½©f�/ª

£=�lfN��¤í�Ñ5§l
(�
��¥�zÆOþ'Úqá���§

�±��õ|©��§ØN´Ñy¤© Û"

3!-1�Uþ�p§�±4qáL¡]m��4p§Ý§ÏdU
��p

L:á����"

4!�±3ØÓí¨e����"�,óÀ-1�ÈEâ��3�
":"

É-11����§ñÂÑ�������§ÏdØU^u�¡È��È�

�"

éuóÀ-1�ÈEâ����§·����±N!±eA�^�5`z

���þ§=-1Uþ�Ý!-1ªÇ!qá��.�m�må!í¨Ør!

íN6þ!�.§Ý!�.á��¬�~ê"

-1Uþ�Ý�À����ûuqá�áÂXêÚqá���Ý"-1�

Uþ�Ý´��qá�-1UþØ±-1à���3qáþ-1�¡È"-1

l-1ì�Ñ§-1�rÝ´��pd©Ù§^����/1»�ØUþ�$

Ü©§¦1�¦þþ!Ú5K"-12²L��ºÚà�º§à��qáþ§

n���¹e§1��N¤5K���/[^"áÂXê�r�á��N´�

Ñ��§lL¡þw§çÚ�qááÂXê�r"ù�·���À�Uþ�Ý

31∼2 J/cm−2"
áÂXê���á�·��·�O\Uþ�Ý"'Xü¬½

ö7á�á�"·��¢�¥-1ªÇ����3∼5 Hz§éuá�¥k´�u

á�§�±·�O\-1ªÇ5~f�u"

��´��)��­�Ï�§
���Ó��É�õ�¡�K�"Ï�·

�)��´�zÔ§��¬�X�íØ�ØÓ
ØÓ"3�íØ���§��

uÑ¥×¸/§
�X�íØ�O�§��¬Åì®à§®à¤Y%G"3�
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Ó�Uþ�Ýe§$íØ�����§píØ�����"Xã2.5¤«�ØÓ

íØe-1���/G«¿ã"·�À��qmå§��´À��píØ��

	ò���ål§
$íØ�qmåÑ�"oN�qmå��34 ∼ 5.5 cm �

m�¨"

�.§ÝÚ)��íØ��âá��¤�5À�"�í6þ¦þ�§3)

��§¦þ�ynNSíØ�·�§l
Jp���)��þ"

�.�À�§��â)�á��¬�~ê§À�Ú���¬���¦þ�

��."

ã 2.5: ØÓíØeóÀ-1���/G"(a)pý�§(b)$�Ø§(c)p�Ø"

2.1.5 PLDEEEâââ���������������666§§§

·�¢�¥��LiTi2O4ÚLa2−xCexCuO4±δ ����Ñ¦^�´PLD E

â§Ï�éuLiTi2O4ù«á�§¤I��qá´Li4Ti5O12§�kpUþ�-1

�¡âU»�qá�©f(�§
�Li �f'��§æ^^�í���{N´

Ñy¤© Û"éuLa2−xCexCuO4±δ ��§du��>5éuCe��,þé

¯a§ÏdI�(����¤©Ä�Úqá����§PLD Eâ�`:�ÐÎ

Ü·���¦§Ïd·�þÀJPLDEâ5��·����"

PLD)��¬6§µ

£1¤ò?nÐ�SrTiO3 ½MgAl2O4 �.²LZÑ-Ë°- �lfY��(

�W5 ©¨§ªÇ50 Hz"^�ílNZ�.§^Õ�Ê3�¬�þ§�y�¬

���.�mvkí�"^ì²��é�¬�?1ó�§ó�10 ©¨�m§�

y�.e�Õ�vkÑyí�"ò�¬��\PLD �)�nNS§O�Äý

�¶

£2¤Äý�§�mÅ�"§�ý�Ý$u5*10−2 Torr�§�m©f"?�

ÚÄý�§�ý�Ý�u10−7 Torr§�?1\9ö�¶

£3¤�m\9¡�þ�Power�§?6Ð¤I\9§S§�mEnable �§

Urun/hold �$1§S§¿�mº÷�nNÑ9¶
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£4¤��8I§Ý�§Uhold��±§Ý§2òduring dwell�U�0©¨§

"|UYÄý��$u10−6 Torr§?1e�Úö�§N!©f"�=��í6

z�¤IØr§��©f"=��20 % (200 Hz)§í6z���50 sccm¶

£5¤�mqág=UÜ£(�	�?u'4G�¤§¦^1 Hz�-1N!

1´§�1/G§NÁ�¤�§ò-1ªÇU�10 Hz, ýí�5 ©¨§�m	

�§�§Ý­½�, �ªí�20 ©¨¶

£6¤í�(å�á�'4	�§¿�¤±eÚ½µ'4�6§,p©f"

=��1000 Hz§Ê�-1í�§'4qg="�¤ò»?n�'4\9§S§

�§Ý$u100 ◦C '4©f"§�§Ý$u60 ◦C§��"

2.2 ��L�EâÚ�n

�ä����þÐ�§é��?1Ô5ïÄÑI�^����L�Eâ"

éu·�¤���LiTi2O4§SrCoO2.5ÚLa2−xCexCuO4±δ ùn«��§·�Ì

�éÙ?1(�L�!þÝ§/mL�§éLiTi2O4 ��·��?1
�*(

�Ú��>5�ïÄ"e¡Ì�0�
¤^���
L�EâÚ�n"

2.2.1 ������(((���LLL���

ã 2.6: X��û�¤�«¿ã"

XRD´^5L���(���~^Ãã"ÙÌ�ó��n´3pý�¥>

fñÂ7áq£¢�¿X ��û�¤¤^q�Ôq¤§É�q¥�fØ¥Ô|

��^¦$Ä�ÝÚ��u)Cz§l
�)ëY�X ��Ì¶�p�>f?

\q�Ô��§ÙÄU¬�Ô�S��>f¼�§¦S�>føl�fØ�å

P§l
S��Ñy� §	���>f�S���[§l
�	Ë�X ��

�)A�Ì§ù
ÌrÝ'ëYÌréõ§Ì�kk1§k2 (LyK) Úk(MyK)n

^A�Ì§·�¢�¥Ï~�æ^k1§Å��0.1546 nm"Xã2.6¤«�X ��

û��«¿ã"��XRD�±?1X����×£(XRR)§θ-2θ ×£§~{d
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�(ω)×£§φ ×£§¡S×£Ú�´�m×£(RSM) �§é���þÝ!¤

�!�þ!é¡5!¤ÉAå±9¬N�¶�¬�~êÚ�¶�m�Y�k�

�nÜ��A"

�é��?1XRDÿþ§Äk�é�¬?1N²"�kN²
�¬§âU

���(���XRD êâ"3N²�¬�c§�Ð^[ß��K�¬��í

{�Õ�"�¬3�m¥kn��Ý§=X!Y!Z"Z¶´ÏLZ ×£5(½§

X¶´ÏLrocking curve×£5(½§
Y ¶´ÏLchi ×£5(½"ò�¬N

²��§�±?1�«ÿÁ"

£1¤X����(XRR)3�¬N�Ð ��§�θ-2θ ×£§=ω ��2θ �

éÄ§üö=Ä��Ý����"×£����l0-10◦"XRR �Ä��n´X

��3�¬L¡u)��Úò�y�§ò�1?\�¬SÜ§3�.��í

�.¡?qu)��Úò�§üå��1åu)Z�§�)Z�^«"Xã

´XRR ×£(J§lã¥Uw�NõKiessigZ�¸§|^Kiessig Z�¸�±

[ÜÑ���þÝ§.¡�o÷Ý±9�¬��Ý"{ü���þÝÚ�Ý�

úªXeµ

sin θ2i = (ni + ∆n)2(
λ

2t
)2 + sin θ2c (2.1)

ρ =
θ2cπA

NAγeλ2f
(2.2)

Ù¥§θi´KiessigZ��§ni´Z����SÒ§ni+4n ´Z����S

Ò§λ ´X��Å�£λ=0.154056 nm¤§t´��þÝ§θc´�.�§ρ´���

Ý§NA´CÏ³�Û~ê£NA= 6.023 × 1023¤§re´>f�»(2.818 × 10−13

cm)§f´�fÑ�Ïf§A ´�f�þ"Ó��,·���±|^�\B$�û

�^�?1[Ü"éuõ���§XRR ´�«�~k��(½����þÝ

Ú.¡o÷Ý�Ãã§
�ØI�»��¬"Ó�§XRR ��±uÿ�¬�

¬�þÝ"XRR ÿÁþÝ��32 ∼ 100 nm �m"I��¬L¡o÷Ý�u5

nm"

£2¤θ-2θ×£µ�XRR�aq§�Iò×£��l10◦ m©§���Ý�

�×£"ù´�Ä:���(�L�Ãã§Ì�&ÿ�����´Ä´ü��

±9��¥´Ä�3,��"Ù�n´�X ��ì��¬NÔ�þ§du¬N

´d�f5Kü�¤�¬�|¤§ù
5Kü���fmål�\�X��Å

�äk�Ó�êþ?§�dØÓ�fÑ��X ���pZ�§3,
AÏ��

þ�)rX ��û�§û��3�m©Ù�� ÚrÝ§�¬N(����'§

ØÓ�¬NÔ�äkgCÕA�û�s�"û�s��A��±kü��¡|

¤µ��¡´û��3�m�©Ù5Æ§d¬����!/GÚ �û½¶,

��¡´û��å�rÝ§�ûu�f�«aÚ§�3¬�¥� �"X��

��÷vÙ.��§§

2d sin θ = nλ (2.3)
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Ù¥§d3{zÙ.��§¥¡û�¡må§θ´Ù.��§λ ´\�X ��Å

�§n �L?ê"

���þ�Ð!����..¡�ß��¬§Ó�¬ÑyKiessig Z�§Ï

Lé¥(¸�[ÜÓ��±(½���þÝÚo÷Ý"{ü�þÝ[ÜúªX

eµ

t =
(L1 − L2)λ

2(sin θ1 − sin θ2)
(2.4)

t´��þÝ§L´¥(¸?ê§λ´X��Å�§θ´¥(¸�Ý"ù�úªÓ

�·^uO��¬��N��Ý"

ã 2.7: LiTi2O4 ���θ-2θ ã"

��¸�pÝÚ¸°��±�A����¬�þÚþÝ&E"3���þ

�Ó�^�e§Ó�«á�§��¸rÝ�p§�¸°�Ä§���þ"Ó�

�§·���±ÏLû�^�[ÜXRD ­�§�����þÝ±9o÷Ý"X

ã2-7 ¤«�LiTi2O4���X��û�(J"

£3¤~{­�(ω)×£µ3÷vÙ.�û��cJe§2θ�ÝØÄ§3θ �

NC�rocking cuver ×£§Xã2.8¤«"Ì�^5L�,�A½¬¡3�¬¥

�uÑ���"���,�A½¬¡��uÑÝ��§û�¸��p°�Ä§

���"���"I�rN�´§3'�ü����"�õ��§��þÝI

��Ó"Ï�3��G�e§û�¸��p°Ì��ûu���þÝ"

£4¤φ ×£µ�±^5�ä���¬�¡S�é¡5"3ÿþ×£�c§

·�ÄkÀ����×£�¬¡",�O�À�¬¡���c��¬¡�Y�"

òchi ���¤¤�Ñ�¬¡Y�"
θ �2θ ÷v¤À¬¡�Ù.�û�",�

?1φ ×£§��l0-360◦"±{á��~§XJc��´[001]��§��¬Ñ
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ã 2.8: ~{­���nã"

yo�¸§zÊ�Ý��±Ï" [110]��§¬Ñyü�¸§180 Ý���±Ï"


[111]��§¬Ñyn�¸§z120◦��±Ï"�éu[111]�����§��

Ñ¬ÑyÌ¬§l
Ñy8�¸§z60◦ ��±Ï"éu·�¤���­�§¸

�[§�þ!§�L¬N�(¬�þ�Ð"¸�¸�m�Y�§�±�ä�¬

�¡S¬���§Xã2.9¤«�LiTi2O4 ���φ ×£(J"

ã 2.9: LiTi2O4 ���φ ×£ã"

±þ·�¤0��X���×£�{���Ñ´��Ì�§�¡·�ò0

�ü«��Ì�=µ�´�mãÌÚ4ã"

£5¤�´�m×£(RSM)µ�±^5L����AåCz�¹§ÏL�´

�mãÌ�±O�Ñ¡S¬�~ê���§l
�����AC�¹"�´�

m��I©n«§ω-2θ§Qx-Qy§qx-qy§n«�I�m�±�p=z"=zú
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ª�µ

qx = 1/λ[cosω − cos(2θ − ω)] (2.5)

qz = 1/λ[sinω − sin(2θ − ω)] (2.6)

Qx = qx × 2π (2.7)

Qz = qz × 2π (2.8)

ÏL����´:����I�R�§�±���A¬¡�¬¡må, ¬

¡må��ê�T���¬�~ê"XJ��¡S�¬�~ê��.�¡S¬

�~ê���Ó§y²��´��	ò)�3�.þ"XJ���¬�~ê�

¬Ná��Ó§@o��Aå��¶þ"ÏL����´�mãÌ§·��±

(½Ù¡S�¬�~ê§l
�ä���Aå�¹"��5ù§ÄuÑt½n§

��É�AåÙNÈ��u�±ØC"���¡SÉ�ØAå�§¡S¬�~

ê~�§
¡	¬�~êO�"��§���¡SÉ�.Aå�§¡S�¬�

~êO�§
¡	¬�~ê~�"�´:�/G��±�ä��¥´¤©FÝ

Cz§AåFÝCz§�´"�§Xã2.10 ¤«"XJ´¤©FÝCz§��

��´:¬3���´:��.�´:�ë�þòÐ"XJ´AåFÝCz§

K����´:�òÐ¬ l���´:��.�´:�ë�"XJ´"�§

@o����´:¬÷X���´:��.�´:ë��R���òÐ"�´

�mãÌ´��(����nÜNy"

ã 2.10: "�ÚFÝ����´:òÐ"

£6¤4ã"´3ØÓ�chi�e�φ×£"Nõ�φ×£�±x¤��n�

�4ã"4ã�ÿþõA^u7áõ¬á�¥§^u©Û��"
3�zÔ�

�¥§du���Ñ´ü¬	ò�¬§ÏdÙ�^�ü��φ×£�aq"
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2.2.2 ���������***///mmmLLL���

���¬�/m´�ä���þÐ��­��I��"
��p�þ�

�¬âUý¢Lyá��ý¢Ô5"�XPLDEâ�uÐ§¦)�p�þ��

�¤��U§�Æ[Ñ3J¦)�ü�?²�Ý���"Ïd§L¡/m�

ÿÁÒw�c�­�"·���æ^�fåw�º(Atomic Force Microscope§

AFM)é�.Ú���L¡/m?1*	Ú©Û"AFMÌ�kn«ÿÁ�

ª§©O��>�ª(contact mode)!��>�ª(noncontact mode)Ú�v�

ª(Tapping mode)"�Ø©¥·�?n�SrTiO3 ÚMgAl2O4 �.Ñæ^AFM�

�>�ª5uÿ�"

AFM�ó��nXã2.11 ¤«§ò�¬SC3���±^O�Å°(��

n��� ���¬�þ§&�þ��]:éé���åÒ�~¯a§òÙ�

à�½4§,�à����k^u��L¡�&ÿ"ÿÁL§¥§&ÿ�k�

�¬L¡���>§��L¡��fÚ�k�m��fü½å§¬¦]:k�

f��­§|^uÿì�±����L¡��/�Ï]:�­
u)� £§

l
���¬L¡�åÏ&E§¼��¬�L¡/m!o÷Ý!�âº��&

E"I�5¿�´AMFXÚ3uÿ¤��L§¥§&�Ú�¬�m�ål©ª

�±3B�þ?§XJål��§¼�Ø
��L¡�&E§ål��§��

L¡�Ø²�¬�ú&�§Ó��¬»��ÿ�¬§ÏdÿÁL§¥I��â

�¬��Ü·�ëê"

ã 2.11: AFMó��n«¿ã"

ïÄ����=CL§§�¬�SÜ"���*(�ÑI�p©E�>

fw�º5&ÿ"���¹e§ß�>fw�º(Transmission Electron Micro-

scope, TEM)�©Eå��0.1∼0.2 nm§
1Æw�º�©EÇ´0.2 µm§Ï

déu·��LiTi2O4�¬§��*	��¥Li ÚO �f�Ó Ú©Ù§±
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9Tilf�zÜdCz§7L¦^×£ß�>fw�º(STEM)é����*(

�Ú/m?1
*	"STEM ¥>fUþ��Ì¤�±éLiTi2O4���¬¥

�TiÚO?1>fUþ��Ì�©Û"

ã 2.12: ×£ß�>fw�º(STEM)¤��nã [115]"

Xã2.12¤«�×£ß�>º��n§�å>fl>fluÑ§3ý�Ï

�S²Là�º§�X�×£��§�±ò>få¬à¤é[é�§�éþ!

�1�§ì���¬þ"|^×£���±°(/��>få3�¬þ� 

�"�>få×£�¬�,:�§&ÿì�É&Ò¿²L=��w«3>M¶

4þ§F1¶2ò>fã�=z���1ã�l
�*	"ù��¬þ�z�

:¤�)�ã�Ñ¬w«Ñy"�â&ÿì�>f�É�ÝØÓ§�±Ó��

 ��¬�ØÓã�"�&ÿìS>f�É�Ý�kÜ©Ñ��>f�§X

ã¥�β1��S§���Ò´²|�(ABF)§�&ÿì�É>f��ÝO\�§

3β2�Ý�����´�/V|�(ADF)§?�ÚO\&ÿì��Ý�β3��§

���Ò´p��/V|�(HAAD)">fUþ��Ì(EELS)´d&ÿìÂ8

��>f²L^cº1Ì¤���§ÏLEELS �±���¬SpUþ©EÇ

���¤©!� 9zÜd&E"I�5¿�´du>få�Bßåk�§Ï

d&ÿcI�kò���¬?1~�§òLiTi2O4 ��Ú�.�¤��50 nmþ
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���¡"

2.2.3 111���ÚÚÚlllfff���¡¡¡

Ñ$5��ÿþ§´ïÄ����>5��­�Ãã"
¿�bar {ÿþ

���>{Ç§Hall �A§^{��~^�Ãã"@o3>Ñ$ÿþc·�k

|^1�Ú�¡Eâò�¬�¡¤Xã2.13 ¤«�¿�x´/G"

ã 2.13: >Ñ$ÿÁ�Hallx´«¿ã"

Ù¥x´���l§°�w"3�¬�x´üà�\>6I+ ÚI−§ü>4�

m\þ>6I§,�3V +
L ÚV

−
L ü>4�mÿþp�>ØüVL§l
Ò�±¼

�p�>{§,��âúª

ρxx =
VL
I

dw

l
(2.9)

l
B�±���¬p�>{Ç�§ÝCz�5Æ"Ù¥^d 5L«��

�þÝ§l L«ü�p�>Ø>4�m�ål§w L«x´�°Ý"XJ�½§

Ý§\R�u�¬L¡�^|§UC^|§ÿþ�¬�>{Ò�±��^>{"

5¿3ÿþL§¥^|�UC��§I�ò��Ú��^|e¤ÿ����\

�²þ"^>{Ç�L�ªXe¤«µ

ρxx =
ρ+xx + ρ−xx

2
(2.10)

Ù¥§ρ+xx��^|eÿ��p�>{Ç§ρ−xx �K^|eÿ�p�>{

Ç"

XJ3�¬�üà�>6I+ ÚI−§ü>4�m\þ>6I§x´�V +
H

ÚV −H �mÿþî�>ØüVH§Ò�±��î�>{§du1�L§¥¿ØU

�yî����x´��éà§�U¬�3�½� �§ÏdI�ò\�^|

����>³�V +
H�\K^|����>³�V

−
H�~,��²þ�"ÏLe

¡úªµ

Vxy =
V +
H − V −H

2
(2.11)
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ρxy =
Vxy
I
d (2.12)

l
���¬�î�>{Ç§=�¬�¿�>{Ç"

�©¥·�¤^�´b	Í1��{5��·�¤I��ã/§,�|^

�lfå�¡��{òã/±	����K"äNö�L§Xeµ

é��?1b	1�Ì�©�Q�§Í1ÚwKùn�L§"äNö�X

eµ£1¤ò1��þ!/æC3��L¡§,�|^!�Åò1��æþ!§

Ù¥!�Å�=�û½X��þ¤æ�1���þÝ§1���þÝ��¡w

K��mÚlf�¡��mk'"£2¤òæk1������¬�3ó��þ§

?1110 ◦C ó�1 ©¨§8�Úc¡0��M�{������$§ó���§

��¡U¦1���z",��¡´�±�ØK1��¥�kÅÔ"£3¤ò¤

I�1�ù��C3Í1Åþ§b	1ÏLù��ì�����L¡§Í1�

m�7 ¦¨�m"ØÓ1��§ØÓ!�=�§ØÓó��mÚ§ÝÑK�X

���Í1�m"£4¤ò�¬?1wK£¢�¿¤^wK��NaOH M�¤§w

K´M)�ØÍ1«�½�Í1«��1��£cö¡�51��§�ö¡K

51��¤§¦ù��þ�ã/�E��1����þ"1�����I�2?

1�¡âU��·����ã/"

�¡EâÌ�©��{�¡£^��?1@¡¤ÚZ{�¡£lfå�

¡¤§�Ø©¥·�¤^���¡Eâþ��lfå�¡"Ùó�6§´µ3

ý�^�e§¿\�í§�í?\lf
��>¿§¦Ù>l/¤�lf§�

lf²L�4>|�\��§äk�½�ÄU§ù
äkUþ��lfå?\

nNS§í����þ§é���¬�L¡?1ñÂ§vk�1��CX��

�Ü©��¡K§�1���o
3e���Ò´·����ã/"Ó��¡

L§��ÏéÜ·��mµXJ�mLá�{§@o�x´Ü©���¬kí

3
1���Ø¬Ø�.§l
¦¤I��x´���}¶XJ�¡��mL

�§ék�Uòx´Ü©����K�Ü©¦��C�$��U¬rx´��

�Ø"ù�¬K������>5"d	�lf�¡L§�Ù§ëê§X�¡

�Ý§âfå6§\�>Ø§¥Ú>Ø�Ñé'�§�¡cI�c[N!��

ëê"X�¡�Ý�¯§��éN´Òvk
§�k�U»���1��CX

�Ü©¶�¡�ÝLú�{§I���m��§
���N´�¡Øß§x´

�m¬�3��í3"lfå6Ú\�>Ø�ëêI��ÓN!§±��·�

I���¡^�"�¡L§¥I��y��ëêØC§âUÏéÑÜ·��¡

�Ý��¡�m"

���¡(å�·��I�3�½� �þÛþ7á>4"äNö��{

´µ£1¤|^!�Åé��2g?1æC1��§ó��z�§¦^Lift-off ù

��§3�¬�1��þÍÑ>4ã/¶£2¤,�|^wK�?1wK�§�

��>4Ü©¬�³Ñ5¶£3¤ò�����\^�í��nN¥Ûþ��7

á��§X7!É½öÕ�7á¶£4¤lnN¥ò���Ñ§^ZÑ�(�W

��§ò��þ�1��W�§Ó��W�
.�k1���7á��§��
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3Ø�31���7á��§�3�Ü©Ò´¤I��7á>4"

2.2.4 ������������ÔÔÔ555ÿÿÿþþþ

��N�Ä��A5´äk">{§�ä�¬´Ääk��>5§·�

��æ^nÜÔ5ÿþXÚ£PPMS¤5ÿþ�¬�R-T"PPMS duÙ´L

�ÿÐõU§´á�$§ïÄ¥7Ø���¤ì"PPMS XÚkéõÀ�;

��«ÿÁ§~X>Ñ$!9Ñ$Ú'9�"ÏL�½�gÌ�O§$��±

��1!9!>!^õ|ÍÜé�¬�5�?1ÿþ"éu���¬LiTi2O4

ÚLa2−xCexCuO4±δ �>Ñ$5�§·�Ì�æ^PPMS5�¤§Ì�À^�Ä

���6AC>Ñ$5�ÿþXÚÀ�§�±^oÚ�{5ÿþ�¬��6/�

6>{Ç§^>{ÚHall �A�§ÏLO�Å����¬Y²^=\À�Ú

R�^=\À��±¦�¬?1360◦ ^=§l
?1��É5^>{�ÿþ"

PPMS��6>ÿþXÚ´3Ä��²�þ��¹��°(�>6
Ú>Ø
"

>6
�©EÇ´0.02 µA§��>6��2 A§�6ªÇ�1 Hz ∼ 1 kHz§Ì�

�êiÈÅÚ£�Eâ5Jp&Ò�°Ý"PPMS ��¸§Ý���1.8 - 400

K§^|p�9 T"

�ä�¬´Ääk��>5§,��I�´òBd�A§=?\����

�|^5"^5ÿþ¦^�´{IQuantum Design úi�O�MPMSXÚ§ù

±��þfZ�^rO´8c�°��^5ÿþ¤ì��§äk4p�(¯Ý§

�±ÿþ3ØÓ^|!ØÓ§Ý^�e�f�^Ý"ÙÄ��n´|^^|F

Ý��ÿþ^z�¬3£Ä��)�^ÏCz§�lCØìò�'u^ÏCz

�&ÒD�&Ò��§d&Ò��ò^ÏÍÜ�Daìþ§2dÑÑ��Ñ\

���ìl
��^Ý"Ùÿþ§Ý«m�2 ∼ 400 K§^|���7 T"

2.3 �Ù�(

�ÙÌ�0�
æ^���({��SrCoO2.5ÚLa2−xCexCuO4±δ qá�L

§§���È�{�©a§±9^óÀ-1�ÈEâ������{Ú�n§

é��?1(�ÚÔ5ïÄ¤^���«��ÚEâ�n"ùp�0�Ì�´

�
U4Ööé·��¡�ó�k�Jc�
)§�e5·�ò¬�[/0�

·�|^ù
���¤éLiTi2O4§SrCoO2.5ÚLa2−xCexCuO4±δ NX����

�ÚÔ5�ïÄ"
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111nnnÙÙÙ ¬¬¬���AAAååå±±±999¬¬¬NNN������éééLiTi2O4������(((���ÚÚÚÔÔÔ555���KKK���

3	ò��¥§¬�AåÚå�(�Cz¬K�����>5"|^�.

�V��^�±·�/é���\Aå"
¬���������¬§du

Aå�4Ýº�§¬3��¥�)�õ(�"�§$�¦��¤�õ¬"�Ç

.Ô�zÔLa1.85Sr0.15CuO4 ��)�3LaSrAlO4 �.þ§���¡SØAå

O�§l
¦��=C§ÝTc0 O��40 K [116,117]"3MgB2á�¥§ÏL.A

åü$
E2g �(fªÇ§l
¦Tc0 �p�41.8 K [118]"Ø
�.�¬�(�

Ú¬�~ê¬é���)Aå�^	§�.����¬K����5�"~

Xéuc>5á�§Garg �<3SrTiO3 �.þ��
[001]§[118]Ú[104]��

�Bi4−xNdxTi3O12��§uy[001]�����vkc>5§Ù§ü���þL

yÑc>5 [119]"éuCoPt ÚFePt ��§3[001]��þ��äk���^
�

å½^z�ÚrÝ [120]§ù´duNX3c ¶��þäk´^z¶Úå�"Ó�

�§éu����á�§ØÓ�¬����¬Úå���½ö�~��5�Ø

Ó"

3.1 ¢��µ

ÏLéõ¬�LiTi2O4ïÄ§�Ñ§´��¥�rÝ�>(ÍÜ§ÎÜBCS

nØ�s Å��N"8cduü¬�¬��x§<�m©��ÑLiTi2O4 ��§

5?�ÚéÙ�\ïÄ"�éu¬Ná�5`§����Ñäk���5�"

du���Ôn5�r�/�6u�.�Aå�^§Ø
¬���§����

��¬K�Aå§l
k�/K����)�Ú>Ñ$5�"�´éuLiTi2O4

á����5`§§Ú�DÚ�p§Ô�zÔ��N±9cÄ��N��GO

��(�ØÓ§LiTi2O4 áuFd3m �m+�k¬�(�§´��n��¬N(

�§Ïd§�¤�¡NC�>f(�&EØ´{ü���5"8c'uLiTi2O4

���ïÄ�Ü©Ñ´[111] ��§¢�ÿþ¼��&EÌ��N�´>f(�

3T²¡þ�ÝK§Ïd��¼�LiTi2O4 ���>f(�§I�mÐØÓ¬

¡���¬�ïÄ"

3Li1+xTi2−xO4NX¥éTi?1Ø^��(NMR) ¢�§¤�(J´�x = 0

�§NX¥�;�Úg^^zÇÑ´pÝ��É5� [36]"é[001] Ú[111] ��

�LiTi2O4 ��?1Cù	1Ì�¢�§uy3[001] ���Cù	1Ì��Ç

�u[111]���¬�§Ïd31Æ5�¥LiTi2O4 �¬��3X²w���É

5§�CHe �<éØÓ����¬?1
��Ì�ÿÁ§3[111]Ú[110]���

�¬¥uy
A�(f�ª§�´3[001]����¬¥¿vkuy§
�ù


(f��3u���Ú�~�§l
�ÑØÓ��)��LiTi2O4 ��äk>-

(ÍÜ��É5"ù
(JÑy¢
3LiTi2O4 ��¥�(�3X�
��É

5�5�§@oLiTi2O4 ���>f(�´áu��Ó5��´��É5�8
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cE,Ø�Ù§Ïdy3�"y'uLiTi2O4 ØÓ�����>Ñ$�¡XÚ

/ïÄ"

3.2 �¬���ÚL�

3.2.1 ���¬¬¬���������666§§§

·�¦^Li4Ti5O12>bqá§æ^óÀ-1�ÈEâ3MgAl2O4 �.þ�

�
LiTi2O4 ��§ÄkéLiTi2O4 �������^�?1
&¢§X3ØÓ

�.§ØÓ§Ýe��
LiTi2O4���¬§l
éÑ������Z)�^

�§,�3d^�e��
�X�LiTi2O4��^u�Y�ïÄ"äN�ö�6

§Xeµ

£1¤?n�.µ¦^·7f����Åò3×10 mm�ØÓ�.§XSrTiO3§

KTaO3ÚMgAl2O4 ��¤3×3 mm ��"�����=�´150 R/min",�

?1�Wµòù
��Ð�Ä¡Uìk�^S©O�\ZÑ§Ë°Ú�lfY

¥�(�W5 ©¨§,�^pX�íNZ"��?1ò»µSrTiO3�?n�{

31�Ù®²�[0�
§ùpÒØ20�
"ò�WÐ�MgAl2O4 Ä¡�3

ü§«¬¥?1ò»§±��L¡�\²���."ò»�^�´3�í¥2

��,§�600 ◦C§�±1 ��§2²L2 ��,§�1000 ◦C§�±5 ��§,

�g,e%�¿§§�Ñ"

£2¤�È��µÄké�.2?1ZÑ§Ë°Ú�lfY��W§,�ò

�¬�lnNS�Ñ§ò�WÐ��.^Õ�Ê3�¬�þ"^��ó�10 ©

¨�m§�\ý�n¥"Äý�µk�mÅ�"§�ý�Ý��2×10−2 Torr�§

�m©f""^©f"ònN��.ý�Ä�1.0×10−7 Torr�N!qÄå�4.7

cm§,�mé\9��XÚ§ò�¬�\9����¬¤I�§Ý¿�±"�

m-1ì§N!-1Uþ�Ý�1.5 J/cm2§óÀªÇ�4 Hz§^	�	4�.§

�ªí�c§?15 ©¨�-1ýí�±�'qá�L¡",��e	�§m

©�ªí�"

£3¤�Ñ�¬µ�ªí�(å�§'4-1ì§g,e%�¿§§,��

Ñ���¬"

ÏLXRRO�Ñ����È�Ç§l
�����þÝ�150 nm�m",

�|^X ��û�¤é�¬�(�?1
L�§|^�fåw�º*	
��

�¬�L¡/m§¿|^PPMS é���¬�>Ñ$5�?1
ÿþ"

3.2.2 LiTi2O4������)))���^̂̂������&&&¢¢¢

����Ñp�þ�����§Äk�ÀJ����¬������

."LiTi2O4 áuk¬�(�§�±¦^Wv¶(���.5��§¬�~

ê�8.404 Å"·�|^SrTiO3[001]§SrTiO3[111]§KTaO3[001]§MgAl2O4[111]§

MgAl2O4[110]ÚMgAl2O4[001] ùA«�.5��LiTi2O4 ��"3ØÓ�.þ

¤�����(�Xã3.1¤«"lã¥�±wÑMgAl2O4[111]§MgAl2O4[110]
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ã 3.1: ØÓ�.þLiTi2O4 ���¬�XRDã"

ÚMgAl2O4[001]�.þÑ��ÑÚ�.�����	òLiTi2O4��§3KTaO3

[001] ÚSrTiO3[001] �.þ���Ñ[001]���LiTi2O4 ��§�´�¬�õ¬

(�§Ø2´ü����LiTi2O4 ��§32θ = 36◦ NCk��,¸Ñy§é

'MgAl2O4[111]�.þ�û�¸��ù�,¸AT´LiTi2O4[222] ���û�

¸"Ó�3SrTiO3[111]�.þ������MgAl2O4[111]�.þ���§Ñ´

	ò�[111]���LiTi2O4 ��"Ïd·��Ñ3ØÓ���MgAl2O4 �.þ

Ñ�±��Ñ	ò�LiTi2O4§3KTaO3[001] ÚSrTiO3[001]�.þ�����

�õ¬(�"

·�æ^PPMSéØÓ�.�È���?1
>{�§ÝCz�­�§X

ã3.2(a) ¤«§lãþ�±wÑùA«�.þ�����3$§eÑäk�

�>5"¤k�����=C§Ý��OØ�§�´Ù¥SrTiO3[111]�.þ

���LiTi2O4 ���{>{Ç(RRR)��"lØÓ�.�����R-T ­�

þJ�Ñ¤k�¬�Tc0§=�¬>{?\">{��§Ý"lã3.2(b) ¥�

±wÑ3MgAl2O4[001]�.þ���LiTi2O4���¬�Tc0 �p§��12.7 K"

3KTaO3[001] �.þ�����(�¥�3LiTi2O4[111]���¬¡§Ïd�
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ã 3.2: (a)ØÓ�.���LiTi2O4 ���R−T­�§(b)ØÓ�.þ�¬�Tc0

�"

�=C§ÝTc0 �$§=�11.2 K �m"lù
ØÓ�.þ���LiTi2O4 ��

�(�ÚR− T­���·�3MgAl2O4�.þ�����(��Ð§��=C

§Ý�p"

ã 3.3: ØÓ�È§ÝLiTi2O4 ���¬�XRDã"

lþ¡�(J��MgAl2O4�.�·ÜLiTi2O4 ����È"���p�

þ!pTc �����§Ø
�.§�k)�§Ý!-1í�UþÚªÇ!)�

í¨�^�§Ù¥)�§Ýéu���(¬�þÚ¤��­�§Ïd·�q

éLiTi2O4����È§Ý?1
&¢"3MgAl2O4[001]�.þ���ØÓ§Ý

�LiTi2O4 ��§Xã3.3��¬�XRDãÌ"l¥�±wÑ§����È§Ý
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ã 3.4: (a)ØÓ�È§ÝLiTi2O4���R−T ­�§(b)ØÓ�È§ÝLiTi2O4�

��Tc �"

l600 ◦C �750 ◦C �§(�¥Ø
�.MgAl2O4 �û�¸§�kLiTi2O4[001]

ü����û�¸§
�ØÓ§Ýe���XRDû�¸A���§Ïd�±�

ÑLiTi2O4 ���¤�§Ý�400∼750◦C"

��·�éØÓ§Ýe���LiTi2O4[001]��?1
$§>{�ÿÁ§

¤�(JXã3.4(a) ¤«"·�é¤k�¬�300 K>{?1
8�z?n§

l3.4(a) �±wÑØÓ§Ýe�È�LiTi2O4[001]��3�~�e�>{5�Ä

���§Ñ�7á5§3$§eÑäk��5�"��=C§Ý«OØ�§Ï

d·�J�Ñ">{�êâTc0?1
é'"Xã3.4(b)¤«§�±wÑ��È

§Ý�700 ◦C �§LiTi2O4(001) �����=C§Ý�p§dd�±�Ñ·�

�PLD XÚ��LiTi2O4������Z)�§Ý�700 ◦C"

y3éõ�ÿÁÑI�3���þ?1§X·>|N�!lf�NN�Ú

>zÆN��"Ïd·�ÀJ�Ü·�MgAl2O4 �.§�Z�)�§Ý700 ◦C§

3�yLiTi2O4 �����Ä:þ§qé���þÝ?1
Åì�~�§~�

�LiTi2O4 ���(�ÚR − T (JXã3.5 ¤«"ã3.5(c) ��¬�>{�§

ÝCz�­�§�±wÑ�XLiTi2O4 ��þÝ�Åìü$§3$§e��=C

§ÝÅì~�¶�LiTi2O4���þÝ�15 nm �§��3$§e�,E¥y>

{�â,eü§�´>{�ªvkü�""���þÝ�10 nm �§�¬3$

§e=C¤ý�5"duØÓþÝ�LiTi2O4�¬3$§e>{���êþ?�

O'��§Ïd·�ép¶�éê?1*	§Xã3.5(d)¤«§����þÝ�

u15 nm�§3$§e§���>{Ø2¤��5"l3.5(a)�15 nm�LiTi2O4

���(�ã§Ù�ü�	ò§¿vkÑy,�"���þÝ´ÏLX ���

�(XRR)5ÿ�Ú[Ü�§Xã3.5(b) ¤«"ÏdlØä~��LiTi2O4���

±�Ñ§·����LiTi2O4 ������$þÝ�15 nm§���$u15 nm

�§�����5�»�"

3.2.3 ØØØÓÓÓ������LiTi2O4���������(((���ÚÚÚ///mmmLLL���

Ø
ïÄ�.§)�§ÝéLiTi2O4 ������^	§·��ïÄ
ØÓ
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ã 3.5: (a) 15 nm LiTi2O4���¬�XRDã§(b) 15 nm LiTi2O4���XRRã

Ú[Ü­�§(c) ØÓþÝLiTi2O4 ���R− T ­�§(d) ØÓþÝLiTi2O4 �

��R− T�éê­�"

��.��éLiTi2O4 ��(�Ú5��K�"·�©O3[001]§[110]Ú[111]

���MgAl2O4�.þ��
p�þ�LiTi2O4��§��þÝ��150 nm",

�éØÓ���LiTi2O4���¬�(�?1
X ��û��ÿþ"|^θ-2θ �

û��ª5L�LiTi2O4 ���(�Ú��§Xã3.6(a) ¤«"lã¥�±w

ÑØ
�.�û�¸§�kü����LiTi2O4���û�¸Ñy3ØÓ�.

þ§���û�¸���Ú�.�����§Ïd�±(@·�3ØÓ���

�MgAl2O4 �.þ��
�þéÐ�ü¬	òLiTi2O4 ��"

�
?�ÚL����	ò�þ§·�é3MgAl2O4[001]�.þ��

�LiTi2O4 ?1
ϕ ×£Ú�´�m×£"éuLiTi2O4 ��§·�ÀJ(404)¡

?1ÿþ§¤�(J�ã3.6(b) ¤«"LiTi2O4��¥Ñy
o�p$A���

�û�¸§`²���¬N(�äko­�é¡5§Ó����ùo�û�¸

é[§`²·����LiTi2O4 ���(¬�þ�~Ð"

Xã3.6(c)�3MgAl2O4[001]�.þ���LiTi2O4 ����´�mã§T

×£�±ò,�û�¡3�´�m�/G�Ñ§�±^5L���¤É��A

å�¹"3n�(�¥z�¬¡3�´�m¥Ñ´��:§�´3¢S¥du

�.�AåÚ��S"���3¦�¬�	òG¹Ø�{§Ïd3��m×£

Ñ�¬¡/G¿Ø´��:"éuLiTi2O4 ��§·�À��.�(404)Ú��

�(404) ¬¡?1�´�m×£§lã3.6(c)¥�±wÑ��Ú�.3Ó���

þ)�§����1�¡Èé�§Ú�.A���§ÏdLiTi2O4 ���(¬
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ã 3.6: ØÓ���LiTi2O4 ���¬�(�ã" (a) [001]§ [110]Ú[111]��

�LiTi2O4 ���¬θ-2θ ã§(b) LiTi2O4[001]�����÷[404]²¡�ϕ-scan

ã§(c) ÷LiTi2O4[404] ÚMgAl2O4[404]����´:"

�þéÐ"lX��û�Ì¥·��±(½3ØÓ���MgAl2O4 �.þ·�

���LiTi2O4 ��þäkéÐ��þ"

ã 3.7: ØÓ��LiTi2O4 ���¬�L¡/mã(a) [001]!(b) [110]Ú(c) [111]"

Ø
éØÓ���LiTi2O4��?1
(�L�§·��éù
��?1


L¡/m�*	"¦^�fåw�º£Atomic Force Microscope§AFM¤*

	
ØÓ���LiTi2O4 ���L¡/m"Xã3.7 ¤«§·�uy§ØÓ��

�LiTi2O4 ��Ñw«Ñ1w�L¡§
�·�?n�MgAl2O4�.þ�±�Ù

/*	�
��(�§y²·�?n��.L¡éÐ [121]"×£�À��L¡º

����5 µm×5 µm§×£�Ý´3.0 Hz"lã¥�±wÑ[001]§[110]Ú[111]�

45



LÞ7á�zÔ�������9Ô5ïÄ

��LiTi2O4���L¡/mþ��(RSM)o÷Ýé�§ÙL¡o÷Ý�äN�

©O´RSM = 0.375 nm§0.253 nmÚ0.538 nm"Ù¥¬âº��3�
�É§

Ù¥[001] ���LiTi2O4 ��¥äk���¬â§¬âº����10∼15 nm"

3.3 ¢�(J9©Û

3.3.1 ØØØÓÓÓ���������¬¬¬���R− T­­­���

3(�·���Ñp�þ�LiTi2O4���¬�§·�Ì�æ^PPMS 5ÿ

Á¤���ØÓ��LiTi2O4 ���>Ñ$5�§~X�¬�R − T§¿�>
{ÇÚ¡S^>{ÿÁ�"Xã3-8(a)�ØÓ���LiTi2O4 ���ρ-T ­�"

�±wÑØÓ����¬3$§eÑäk��>5"
�·�uyò�¬3

�í¥��A��§�¬3$§E,�±éÄ���=C«m"¦+ØÓ�

��MgAl2O4 �.þLiTi2O4 ���Tc �A�´�Ó�§§���{>{Ç

£RRR¤%kÑ��ØÓ"ã3-8(b)ãw«
÷ØÓ���LiTi2O4 ��8�z

�dρxx/dT ­�"�±wÑ�§Ý$u100 K �§ù
­���51�§¤k

ù
­�ÑÎÜ¤��NnØ§=^ã¥dρ/dT∼T(ùÚ¢�)?1[Ü"

ã 3.8: (a) ØÓ��LiTi2O4 ���ρ-T­�§(b) ØÓ��LiTi2O4 ��>{�

�©­�"

,
§ÏLép§��Ô�zÔ��N�ARPES [122]ÚSTM [123] ¢�ïÄ

uy§3pTc Ô�zÔ¥uy
(f�§�¦�q�é>{Çvk�z§o´

w«¤��N£ρ ∼ T 2¤½ÛA�7á1�£ρ ∼ T¤� [58]"@o3LiTi2O4 �

¬¥§>(ÍÜér�>{ÇE,Ly�¤��N1�£ã3-8(b)¤"��où

´>f->fÑ�§
Ø´(fÑ�û½
Ñ$5�§ùI�·�?1?�Ú�

ïÄ"

3.3.2 ���¬¬¬���^̂̂>>>{{{���§§§ÝÝÝ���CCCzzz'''XXX

39 T�­½^|e§·�©Oé[001]§[110]Ú[111]��MgAl2O4 �.þ

)��LiTi2O4 ��?1
>{ÿþ"äNö�Ú½´µ^|R�u��§^

§SòPPMS��3,�§Ý§ò^|l9T ×�-9T§ÿÁ>{�^|Cz�
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ã 3.9: (a) [001]���LiTi2O4 ��ØÓ§Ýe�R − H­�§(b) [110]��

�LiTi2O4 ��ØÓ§Ýe�R −H ­�§(c) ØÓ����>{�þ�.|­

�§(d) ØÓ����>{��Z�Ý­�"

­�§,�UC§Ý:§l
��ØÓ§Ýe�>{�^|Cz�­�§X

ã3.9(a)(b)¤«�[001]Ú[110]���LiTi2O4 ��ØÓ§Ýe�R−H ­�§d
?·���
����­�§lã¥�±wÑ�ÿÁ§Ý$u12.5 K �§�¬

?u���"ØÓ����¬Ñ�X§Ý�O\§���.^|Åì~�§�

§Ý��∼ 12 K �m�§����>{���Ø�",�·�|^�~�>

{Rn�90%§50%Ú10% ½Â
þ�.|Bc2§¿|^7d�-K�(G-L)nØ�

þ�.|úª

Bc2(T ) = Bc2(0)[1− (T/Tc)2][1 + (T/Tc)2]

?1
[Ü§��
ØÓ��LiTi2O4[001]���þ�.|"¤��(JX

ã3.9(c) ¤«§ØÓ�����þ�.|[Ü­�A���§�´kê�þ�

ØÓ§[001]���LiTi2O4 ���þ�.|��15 T§'Ù§ü������

þ�.|Ñ�"d	�ì50% Rn [Ü��LiTi2O4[001]���þ�.|��"

d	q|^G-L �§[ÜÑØÓ����Z�Ý§Xã3.9(d)¤«§Ó��ØÓ

������Z�Ý­�Ä��Ó§|^^ÏþfO�Ñ[001] �����4.5

nm"
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3.3.3 ���¬¬¬���¡¡¡SSS^̂̂{{{���^̂̂|||���CCCzzz'''XXX

·�æ^PPMSéØÓ���LiTi2O4?1
¡S^{�ÿÁ"äNö�´µ

��PPMS �^|�±39 TØC§ò�¬�L¡�^|R������0◦§�

¬�^|²1����90◦§�¬7\l0◦ =�360◦§=£��5��Ý§¤

���¬3^|e��Ý�6�>{1�§=AMR"Xã3.10(a) ¤«�§Ý

325 K ��~��¤����ØÓ���¬>{��Ý�Cz­�"�±w

ÑLiTi2O4n����¬�AMRþw«Ñ²w��­é¡5"�p¸�©O30◦

Ú180◦§ØÓ����¬^>{5���",�òØÓ��LiTi2O4�AMR¥

ØÓ§Ýe�­5�rÝJ�Ñ5?1?�Úé'©Û§uyØÓ���¬

��­5�§ÝCz�5Æ�q§��­5�rÝÑ�X§Ý�,pÅìü

$§3100 K�ØÓ����¬�­5þ��§Xã3.6(b) ¤«§ùÙ¢ÚJin

�< [38] 3[001]��þïÄ�AMR(J��"

ã 3.10: (a) 25K �§ØÓ���LiTi2O4 ���¡S^{­�§(b) ØÓ�

�LiTi2O4���¡S^{�rÝ�§Ý�'X"

d	�^|���R�u���¬�¡S¿�±ØC�§ÿ�ØÓ§Ýe

>{�^|�Cz­�§Xã3.11(a)�ØÓ���LiTi2O4 330 K Ú70 K ��

~�>{�^|�Cz�¹"�±wÑ330 K �§¤k���¬�^>{þ�

��§
70 K�¤k�¬�^>{þ�K�"
�[001] ���LiTi2O4��30

KÚ70 K�m�^{���"·�òØÓ���LiTi2O4 �¬37 T �^|§Ø

Ó§Ýe�^>{J�Ñ¿?1[Ü§Xã3.11(b)¤«"·�uyùn���

�LiTi2O4 ��Ñ�XÿÁ§Ý�,p§Ñy
l�^{�K^{�=C"�

±wÑ�K^{�=C§Ýu)350 K NC§50 K±e�¬LyÑ²w��^

{�A§
350 K ±þ�¬KÑy
K^{"dd�ÑØÓ���LiTi2O4�

�¡S�AMR �­é¡5å©�§ÝÚ�K^{CÒ�§Ý�kcJin�<�

��[001]���LiTi2O4 ���¬Ä���
[38]§ÏdØÓ���LiTi2O4 ���

>Ñ$5�´��Ó5�§�´3ê�ÚrÝþkØÓ"

3.3.4 êêêâââ©©©ÛÛÛ

kc'u[001]���LiTi2O4���>Ñ$Ú��Ì�ïÄó�L²350 K

±e��^{Ú�­é¡5��Ý�6�^{å
u;��'�§50 K ±þ
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ã 3.11: (a) ØÓ��LiTi2O4��30K(¢%)Ú70K(�%)�¡S^{�^|C

z�'X§(b) ØÓ§ÝeØÓ��LiTi2O4���^>{[Ü­�"

�K^{å
ug^-;��Þá§
éu[110]Ú[111]���LiTi2O4 ��5`§

ù
(Ø�,·Ü"ùp·�éLiTi2O4 ���¬¥��~^>{1��äN

Ån?1�e?Ø"�^|²1u��L¡�§�^{�Ñyé�~§ù�U

´du>f- >f'éÚå� [124,125]",
§�^|���R�uLiTi2O4��

L¡�§�K^{=C�Å��U´,�«�;��'�k'�Å�"I�5

¿�´§3;��'�¥§g,¬ÑyéõØÓ���Æ§ù
Æ�U¬p�

R�§Æ9þ�U¬Ñy�
�>5�Ø�Ó�«�"
�3LiTi2O4 ��¥

��3Xéõ�¬."duù
ÆÚ¦��¬.��3§�U¬/¤��Øþ

!�ü�0�§ù�ü��0�3^|¥�U¬LyÑ'�r��^{ [35]"


�^{�rÝ�6u�þ!0��a.½ö��äkü��0� [126,127]"

��¬¥�3g^Þá�§�U¬O\�Ñ�§l
¬��
>{�O

\"ÿÁ�é�¬\þ·��^|§�¬S�g^ÞáÒ¬�³�§l
¦>

{~�"�ÿÁ§ÝT > 50 K �§du>{~�§K�^>{Ò¬Ñy"Ï

d·��Ñ§3LiTi2O4���¬¥K^{�åÏ´^|¥g^Þá�³�
"

3LiTi2O4 ��¥§�­é¡5�å©§Ý∼ 100 K§ù'�K^{=C�§Ý

£50 K¤�éõ"Ïd§3LiTi2O4 ��NXØUüØ�3Xg^- ;�ÍÜ�

�^"Ïd�¬¥Ñy�K^{�k�U´dg^- ;�ÍÜ���g^- ;�

Ñ�¥%�^|³�¤Úå�§ù�´�Ün�)º"

�K^>{�=CÚ¡S�­é¡5�AMRØ=3[110]Ú[111] ��

�LiTi2O4 �¬¥*	�§3[001]����¬¥�´�3� [38]"ØÓ��

�LiTi2O4 �¬äk�Ó�>Ñ$5�§�Ò´`§LiTi2O4 NX3^|¥

>{�§Ý�Cz´��Ó5�"Ïd§3^|¥>f�$Ä;,q�Ø�6

u¬�§§�k��þ´��Ó5�§ùÚU�O��(J�� [32,33]",
§

·�éØÓ���LiTi2O4 ��?1��ÌïÄ§3"|e*	�
��É5

�(f�§3[110] Ú[111] ���LiTi2O4 ��¥�Ù/*	�
(f�§�´

3[001]�����¥vk*	��A�(f� [47]"p§Ô�zÔ��NáuO

��á�§§�3U�(�Ú>f�'�¡ÑäkpÝ���É5§ÏdÚÔ

�zÔ�'§LiTi2O4 ��áuäk��Ó5�>fÑ$5�§�´äk��

49



LÞ7á�zÔ�������9Ô5ïÄ

É5�>fÑ�Ú>(ÍÜ�^"

3.4 �Ù�(

£1¤·�æ^PLDEâéLiTi2O4�����^�?1
&¢§ïÄ
Ø

Ó�.!ØÓ§Ýé�¬(�Ú5��K�"

£2¤��Ñ[001]! [110]Ú[111]���LiTi2O4��§ÏL(�Ú>Ñ$5

�ïÄuyØÓ�������=C§ÝÑ311 K�m"3^|eØÓ��

�LiTi2O4 ��Ñy�K^{�=C§=C§Ý∼ 50 K§¡S��Ý�6^{

äk�­é¡5§�­é¡5�å©§Ý∼ 100 K"

£3¤LiTi2O4 ��¥�^{å
u;��'���3§K^{´duÜ©

g^Þá½ög^- ;�Ñ�¥%�³�E¤�"·�(ÜØÓ��LiTi2O4 �

�Ñ$ÿþ�(J±9cÏ�ó��«
LiTi2O4 ��äk��É5�>fÑ

�Ú>-(ÍÜ�^§�´ØÓ����¬äk��Ó5�>Ñ$5�"ù
u

y¦·�éLiTi2O4 ��k
�
#�@£§ùé·�?�Ún)O��p§

Ô�zÔ��N�ÅnJøë�"
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111oooÙÙÙ ���¹¹¹þþþéééLiTi2O4������(((���ÚÚÚÔÔÔ555���KKK���

éuLÞ7á�zÔá�5`§UCá�¥��¹þ¬K��f�d�§

l
¬UCá��(�Ú5�§Xá��c^5 [128]!c>5 [129]§7á- ý

�=C [130] ±9��5� [10]"cÙ3�zÔ��á�¥§�
ïÄp§Ô�

zÔ���Ån§<�éÙ?1
pØ§�,ÚN��õ�¡�ïÄ§Ù¥

'uN��ïÄÓâ
p§Ô�zÔ��>5ïÄ�é�Ü©"�¹þ�N

�Ø=é���ké��K�§Ó��K��¬��~�5� [60,131]"~X§

3Pr0.88LaCe0.12CuO4±δ ¥§3Ar í¥?1�ò»§�¹þL$����� 

¬N!�¬��c^Ú>Ö�ÝÅ [132,133]"

d	§3>f.Ú�Ç.�Ô�zÔ��N¥§�� Úå��,

ÚÃS�AÑ²w/UC
�~�e�Hall>{Ú^>{�1� [91,134,135]"

3Nd2−xCexCuO4±δ�¬���L§¥?1ò»���±¦�¬l�c^#Aý

�NëY/N!����§�HallXê�¬ÑywÍ��­ [89,90,134]"3L�,

�Pr2−xCexCuO4±δ ��¥?1ò»��?n§Ù�JØ=Ú�,Ce ��J�

�§�¬3(�¥Ú\ÃS�A [91]"Yu�<3éPr2−xCexCuO4±δ �¬�¡S

^{ïÄ¥uyÙo­é¡5¬���ò»
~f§ùV«Ù�¬¥�á§�

c^S¬�X�¹þ�~�
~f [136]"3¤k���N¥§�zÔ��N�«

a¿Øõ§Ø
p§Ô�zÔ§k¬��zÔLiTi2O4 �áu��=C§Ý 

p�á�§ÏdïÄLiTi2O4NX¥�¹þé(�ÚÑ$5��K�é·�?�

Ún)Ô�zÔ��N���>5¬ké���Ï"

4.1 ¢��µ

3�zÔ��N¥Ø
Ô�zÔNX§v�zÔNX�áu;.�é�¹

þ'�¯a���N"3ý�^�e��SrTiO3���¬§¦�¬�3�� §

ò���¬3200 mK �mÑy��>5 [22,137]"3��TiOx á��§N!�¹

þ¬¦Ù��=C§Ýl2 KJp�7 K�m [138,139]"1973c§Johnston�<3

��Li1+xTi2−xO4 õ¬�¬�uy§UC�¬�zÆOþ'§=�x < 1/3 �§

�¬Ñy
��5� [6]"Ó�UCNX¥�Li!Ti'~�¬¬u)l���ý

��=C§�´ù�=C«méÄ§ù{N
·��\ïÄ��ý�=C�Å

n [6]"2012c§Kumatani�<3^PLD��LiTi2O4 ���L§¥uy§UC

)��ØUK�Li ��È�Ç§l
K��¬¥Li�¹þ§�X�Ø�O\¦

�¬u)
lLiTi2O4−δ �Li4Ti5O12 ��=C§Ó�Li4Ti5O12�´¢�¥¤^

qá��"©OéLiTi2O4−δ ÚLi4Ti5O12�¬�1Æ5U?1ïÄ§uyüö�

áÂÚ��Ç²wØÓ§Li4Ti5O12á�¥�Ú§áÂ��§�ó�¥é�¬�

>Æ5�±9=C�Ånvk?1�\�ïÄ [44]"@o3LiTi2O4−δ ����

�L§¥N!�Ø==´éLi lf¹þ?1�N�íºLiTi2O4−δ ÚLi4Ti5O12
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ùü�NX�(�kCzíºLi lf§O lf3ùü«NX¥©O´NoÓâ

�ºùÑ´k�)û�¯K"

3éLiTi2O4õ¬�¬�U�O�¥uy§� �3�ÆC¬��¤�¡

NC�>f�u)wÍ�Cz [33]"d	§He�<éØÓ���LiTi2O4 ü¬

���¬?1
��ÌÿÁ§(JuyLiTi2O4 ��¥�3X�
�� §ù


�� ¦¬N(��Jahn-TellerÆCOr§l
¦ù�XÚ¥�3X²w�

��É5 [47]"ÏLN�LiÚTi�'~ÚO\�ØÑ�±¦NXlLiTi2O4 =C

¤Li4Ti5O12 �§�´N!�Ø�½Ø==´K�Li lf�UC§Ó��AT�

3�lf�Cz±9��X�*(�u)
Cz"d	�¹þéLiTi2O4 ��

��Ú�~��Ñ$5��K��Ø�Ù§Ïd3LiTi2O4���ÈL§¥é�

¹þ?1°(�N�§á�Ùù
¯KéïÄp§Ô�zÔ��N���Ån

ké���Ï"

4.2 �¬���ÚL�

4.2.1 ØØØÓÓÓ���¹¹¹þþþ���Li1+xTi2−xO4−δ ���������������

3pý��¸e§|^PLDEâ3[001]���MgAl2O4 �.þ��
[001]

���Li1+xTi2−xO4−δ ��"Ù¥MgAl2O4 �.�?n�{ò�WÐ�Ä¡3

ü§«¬¥?1�í1000 ◦Cò»5 ��§±��L¡�\²���.",�

·�¦^Li4Ti5O12 >bqá§æ^óÀ-1�ÈEâ3MgAl2O4 �.þ��


LiTi2O4��§3��L§¥ÏLN!�Ø§l
¼�
�X�ØÓ�¹þ

�LiTi2O4−δ ��§¿éÙ�'�(�ÚÑ$5�?1
ïÄ"äN�ö�6§

·�31nÙ®²�[?1
0�"ØÓ�?´µùg)�Ø´3ý�¥?1

�§3í��cI�N!nNS��6þ§¦nN��¤I���íØ§í�

(å�'4�í§3ý�^�eg,e%�¿§"ùÚÏ~>f.Ô�zÔ�

�NLa2−xSrxCuO4±δ������ª�q
[140]"

��5¿�´§du3�í¨¥í�Ñ5�Li lf�lfNÉ��í�Ñ

�§ÏdN´�o±*Ñ§�Li lfí��-1ßºþ�éN´ÚnN�ßº

u)�A§l
K�-1�ß�Ç§�
;�LiTi2O4−δ ��)��K�í��

Ç§zgSC�.�·�ÑI�^SiO2 ï�qéßº?1��§�yzg��

�í��Ç��§l
¦����·�¤I��þÝ"

·�æ^XRRÿþ����þÝ5(½���)��Ç§�y¤k�¬�

þÝ∼ 150 nm"|^X ��û�¤�θ-2θ Úφ×£�Ãã5L�Li1+xTi2−xO4−δ

�¬�¤�Ú¬N�þ"|^¥����×£ß�>fw�º(STEM)5uÿ�

¬��*(�"¦^PPMSÿÁ�¬�>Ñ$5�§Ù¥§ÝUeü�2 K§^

|�p�9 T"|^1�Ù0�L�b	1�Ú�lf�¡EâòØÓ�¹þ�

���¡¤¿�x´§^uÿÁ�¬�>{5�"

4.2.2 ØØØÓÓÓ���¹¹¹þþþ���Li1+xTi2−xO4−δ ���������(((���LLL���

æ^X��û�¤éØÓ�ØPO2e���[001]���Li1+xTi2−xO4−δ ��
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ã 4.1: (a) ØÓ�Øe(001) ���Li1+xTi2−xO4−δ���θ-2θ XRDã§(b)(c)

LiTi2O4−δ ÚLi4Ti5O12 ��÷(404) ¡�ϕ ×ã§(d) Li1+xTi2−xO4−δ��c ¶¬

�~ê��Ø�Cz"

�¬?1
θ-2θ �ÿÁ§ÿÁ��l30◦-110◦§du$�Ý�û�¸£Ä�Ø

²w§Ïd·���p�Ý�û�¸?1é'ÚO�§(JXã4.1(a) ¤«"

lθ-2θÌ¥�±wÑ3ØÓ�Øe����¬¥§Ø
�.MgAl2O4 �û�¸

	�kLi1+xTi2−xO4−δ�û�¸§
�Ñ�(001) ���û�¸§ùÚ�.��

���"�X�Ø�O\§���û�¸Åì�p�Ý £§Ù§vk�oU

C"·�ßÿ�����ÈíØPO2≤10−6 �§���´[001]���LiTi2O4−δ

��"
��ÈíØPO2≥10−4 �§��´Li4Ti5O12 ��"

�
?�Úuÿ3ØÓ�Øe¤���Li1+xTi2−xO4−δ���¬��þ§·

��é3ý�Úp�Øe����¬?1
ϕ ×£"Xã4.1(b)(c) ¤«§÷

XLiTi2O4−δ(404)¬¡ÚLi4Ti5O12(404)¬¡?1�ϕ ×£Ñäko�û�¸§

`²ùü�(�Ñäko­é¡5§o�û�¸�p$'�þ!§`²·�3

ØÓ�Øe¤����¬(¬�þÑéÐ"lã4.1(a) �θ-2θ �XRDã¥§·

��â���¬û�¸��Ý§|^Ù.�úªO�ÑØÓ�Øe�¬c ¶¬

�~ê��"

(JXã4.1(d)¤«§��ØPO2≤10−4 �§�X�Ø�,p§�¬�c ¶

¬�~ê��Åìü$"
�íØPO2≥10−4 �§�X�Ø�?�Ú,p§�¬

�c ¶¬�~ê��Ø2~�§A��±ØC§é'c ���∼ 8.36 Å§l
`
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²3p�Øe·������/¤
Li4Ti5O12�"Ïd§3�¬��ÈL§¥

ÏLN!�Ø¤õ�¼�
lLiTi2O4−δ �Li4Ti5O12 ��=C"

4.3 ¢�(J9©Û

4.3.1 ØØØÓÓÓ���¹¹¹þþþ���¬¬¬���R− T­­­���

�
©Û��L§¥��ØéLiTi2O4−δ���¬����Ú�~��K

�§·�XÚ/ÿÁ
lLiTi2O4−δ �Li4Ti5O12 ØÓ�Øe���>{�§Ý

�Cz­�§=R-T ­�"(JXã4.2(a)¤«"lã¥�±wÑ§ùÚ�Þ

L«�ØO\���§3���ÈL§¥ÅìO\�Ø§�¬��~�>{

²{
l7á�ý��=C"3¿§e§ý�¥���LiTi2O4−δ LyÑéÐ

�7á5§
p�Øe���Li4Ti5O12LyÑý�5"�LiTi2O4−δ�XÿÁ

§Ý�ü$>{Åì~�§3$§eC¤��5"��=C§Ý�X�Ø�

O\Åìü$§��Ø�u5.4×10−6 Torr�§$§>{Ñyþ�§��Ø�

u1.5×10−5 Torr �§�¬3$§e���N1�"·�J�Ñ�¬R − T ­
���{>{Ç(RRR)Ú��=C§Ý(Tc0) ��Ø�'X§RRR Ò´¿§>

{�?\��§Ýc�>{'�§=R(300K)/R(T onsetc )"Tc0 �Ò´>{ü�

"��§Ý"Xã4.2(b)¤«"�±wÑ3�½��Ø��S(PO2 ≤ 3 × 10−6

Torr)§LiTi2O4−δ�¬�Tc0 ��'�­½§Ñ´11 K�m§A��±ØC"�

X�È�Ø�?�Ú,p§�¬�Tc0Åìü$§���"§=Ø2�3��=

C§Ý"
�¬�RRR�X�Ø�O\üNeü§Ïd·��±^RRR�Cz

5L��Ø�Cz"

ã 4.2: (a) ØÓ�Øe�È�LiTi2O4−δ ���R-T ­�§(b) LiTi2O4−δ ��

�RRR��ØCz�[Ü­�"
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ã 4.3: LiTi2O4−δ ���ABF ã§(a) n�«��(�§(b) �3O2 � �«

�§(c) �3O1ÚO2 � �«�¶(d)LiTi2O4 ÷[110] ���¬�(�«¿ã§

(e)(f) �3(b)Ú(c)�Ý/µ¥éA�UþÌ"

4.3.2 ���¬¬¬������***///mmmLLL���

lX��û�Ú$§>{�ÿþy¢·�ÏLN�¦�¬lLiTi2O4−δ �=

C�Li4Ti5O12�§@où�=CL§¥u)
�oº�3Ù¥å���^´�

oQº�
á�Ùù
¯K§·�épý�e���LiTi2O4−δ Úp�Øe�

��Li4Ti5O12p�þ��?1
¥����×£ß�>fw�º£STEM¤�

*	"ã4.3 �ÑLiTi2O4−δ����¡ãÚ÷[110]¬¡�ABF �"lLiTi2O4−δ

��ØÓ«��;.ABFã�±wÑ§�¬¥Ü©«�´LiTi2O4�n�(�§

Xã4.3(a)§¬�¥Ø�3��� �"�"k
«�Xã4.3(b)Ú(c)¥��

ÚÚùÚÝ/µ¥§ù
«��3²w��� "Uìã4.3(d)¤«�LiTi2O4

÷[110]���¬��fü�§·��â��f� �ØÓ�±r§�©�üa§

=O1ÚO2 "÷[110]��w§O1  ���f�æ�Ý'O2  ����fæ�

Ý�"ã4.3(e)Ú(f)©O�4.3(b)Ú(c) éA��� �rÝ"(b)Ú(c)ã¥Ý/

µS��~f��Ú�:§éAu(e)Ú(f)¥�Þ�$� �"lã4.3(e) Ú(f)

�±wÑ§ØÓ«��O1 ÚO2 �rÝ´Cz�§?�Úy¢ù
«�¥�3

�� "

3p�Øe���Li4Ti5O12 ����*(�ã£ã4.4¤�±wÑ§�¬¥

¿vk*	��� §Ïd�¬´n��¬N(�">ºãÚ(�«¿ã¥�

�f ���"¯¤±�§3��LiTi2O4−δ õ¬Úü¬�§�¬¬Ñyî­�

Pzy� [33]"�´3pý�e���LiTi2O4−δ ���¬%¬�~­½"Ïd

·�íÿ§3pý�e������¬¥¹kéõ��� §XJ3�ÈL§

¥ØäO\�Ø§�íÒ¬ÅìW¿ù
�� §��� �ÜW¿�§Ò¬
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ã 4.4: Li4Ti5O12 ���¬N(�«¿ãÚ.¡��*(�ã"

=C¤ý��Li4Ti5O12 �"

4.3.3 ØØØÓÓÓ���¹¹¹þþþ���¬¬¬���^̂̂>>>{{{111���

lXRDÚTEM�(J·���
�ØéLi1+xTi2−xO4−δ ��(��K�§

�
?�ÚïÄlLiTi2O4−δ�Li4Ti5O12 �=CÅn§·�éØÓ�Ø��¬

?1
>Ñ$�ÿÁ§ïÄ)����íØåéu�ª��>{Ú^>{�

K�"3�È���·�3PO2 = 10−6 TorrNCé�6þ?1
°[/N�§

¦þ;�Li4Ti5O12 ��)¤"du3N�L§¥��A5éu)���ØÉ

~�¯a§zg�Ø�Czþé�§�C��ý�5�4�©EUå§Ïdé

J°(/ÖÑ�Ø��"�´·�uy�X�Ø�Cz§>{�§ÝCz�

­�RRRCzé²w§Ïd·�æ^RRR5I½�Ø"l4.2(b) �(J·��

�§�X�Ø�O\§RRR üN/eü§Ïd·��±^RRR 5�N�ØO

~�ª³"ùp·�^RRR 5I½�¬§RRR ����¬´ý�e����

¬§½Â�S1§�XRRR�~�§�¬�g½Â�S2,S3...S8"

ã 4.5: (a) �X�Ø�O\�¬½Â�S1 �S8§(b) ÿÁ§Ý335K�ØÓ�Ø

��¬>{�^|�Cz"
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Xã4.5(a)¤«§3°[N��Ø���S§��=C§ÝTcA�Øu)C

z"é��=C�§Ý«m?1��§Xã4.5(a)¥��ã¤«§S1�Tc ��§

312 K�m§Ù¦�¬�Tc«OØ²w",�·�ò^|R���L¡§ÿÁ


ØÓ§Ýe§>{�^|Cz�­�"ã4.5(b) �ÿÁ§Ý335 K �§ØÓ

�Øe¤����¬�>{�^|Cz�­�"pý�^�e)���¬§^

{���§�X)���Ø�O\§�ª���¬>{�^|Cz��ÇÅì

~�§S3�^{=C�K�"�X�Ø�?�ÚO\§���S6 �§�¬�^

{q=C���§Ly���k~��O��L§"

|^Kohlerúª=MR ∼ A0B
2§éØÓ�Øe����¬3ØÓ§Ýe

�^{­�?1[Ü§�±���ÇA0"3Ú��.¥§�ÇA0�'uµ
2§

=µ=eτ/m§Ù¥µ ´[£Ç§τ´µþ�m§m ´>f�þ"Xã4.6(a) ¤«§

�XÿÁ§Ý�,p§ØÓ�Øe����¬^{�ÇA0 �u)
l��K

�=C"
��X�Ø�O\§=C§Ýk~��O\"3ù�{ü��.¥§

K^{�Ñy�±n)�´dug^- ;�Þá�³� [38]"lã4.6(a)¥·�

J�ÑØÓ�¬l�^{�K^{=C�§Ý(Tch)§Tch�RRR�m�'XX

ã4.6(b)¤«"l¥�±wÑl�¬1��¬5§�XRRR �ü$§�K^{�

=C§ÝÅì~�",
§�XRRR�?�Úü$§ù«'Xò�»�"3�

p��Øe����¬XS6-S8§§���^{�r§Ïd�K^{�=C§

ÝTchqÅì,p"ù´du3p�ØeJ��3Li4Ti5O12 ��)¤§ùÒ¬

3�©l��¬¥���õ�¬.�3"

ã 4.6: A0 �ØÓ§Ýe§�¬^{­�UìKohlerúª[Ü���^|�g

���Xê"(a) �XÿÁ§Ý�,p§A0 �l�C�K"(b) RRR Ú=C§

ÝTch�'X"

4.3.4 êêêâââ©©©ÛÛÛ

3��Li1+xTi2−xO4−δ���¬�§�)��ØO\��½��§Ñy


ý��Li4Ti5O12�§Ïd�¬S�3XØþ!5§
�¬¥�ù«Øþ!53

^|¥�Ò¬LyÑr��^{y� [126,141]"éuØÓ�Ø��¬S1-S5§d
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uLiTi2O4−δ�3�¬�Ñ$¥ÓÌ��^§Ïd�¬3=C§Ý±eÑy��

^{y��UØ´5
u�¬¥Øþ!�)�¬.§
Ì�å
u;�- �'

� [17]"dd·�íÿ§W¿�� �³��¬��^{§ù�U�;��'�

k'"

�
�yù�b�§·�I��OÑ�� éTi�zÜd�K�"�,|

^×£ß�>º®²é�� ?1
uÿ§�´�� �¹þE,ØU�þ

z"Ïd§·�é'
LiTi2O4−δ ÚLi4Ti5O12 ��>fUþ��Ì(EELS)"X

ã4.7(a)¤«§3Li4Ti5O12 ��¬¥§dulO 2 p1/2 Ú2 p3/2 �Ti 3d ;�/

¤�Ti L2,3 áÂ>©O3�¤ü�¸§ÏdEELS Ì¥Ñy
o�¸§ùo�

¸©O´Ti L2ÚTi L3�t2gÚeg�áÂ¸"�´ý�e���LiTi2O4−δ �¬¥

�EELS Ì�kü�¸§Ti L2,3 áÂ>vk23�§Xã4.7(b)¤«"Ï~�¹

e§L2,3 áÂ>�3�´du¬N|Ti�3d;��{¿ÝÚå�"

ã 4.7: (a) Li4Ti5O12 ��Ti L2,3 áÂ>Uþ��Ì§(b) LiTi2O4−δ���Ti

L2,3 áÂ>Uþ��Ì"

3LiTi2O4−δ���¬¥Ti�L2,3 áÂ>vku)3�Ì�kü��Ï"1

�§egÚt2g �m�UY∆e−t ��§Ïd3Uþ��Ì¥*	Ø�"éun�(

��LiTi2O4 ÚLi4Ti5O12§ÏLU��O�(J��§§��∆e−t©O�2.1 eV

Ú2.4 eV [142]"d	§3Li7Ti5O12 �á�¥�*	�4�3�¸§
§�∆e−t �

k1.8 eV [143]"du����¬¥�3�� §ù�U¬¦Ti-Ol¡N?�Úu

)ÆC§ATØ¬k�����¬N|"Ïd§∆e−t �CzØU
)º��o

3LiTi2O4−δNX¥vk*	�3�¸"1�§3n��LiTi2O4 NX¥§Ti�

zÜd´+3.5"XJ3LiTi2O4−δ ��¥k�þ��� �3§@oTi3.5+ Åì
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�Ti3+ =C"3ù«�¹e§t2gU�þ�>f¬O\§
du�|Ø�N�

n§Ïd>flTi�2p �t2g ;��[��U5ü$"l
§�� ��3¦U

þ��ÌvkÑylTi�2p �t2g ;��[�)�¸"

�X�ØCzLi1+xTi2−xO4−δ��u)�(��C7,¬��>f��Ø

Ó"Ù¥;��'�Ò´<�'�'5�¯K��§ù3±c�ó�¥�J�


 [38]§�´§�å
8cE,Ø�Ù [17]"Ù¥��yâÒ´3�~��§Tch ∼
50 K �§LiTi2O4−δ�¬u)lK^{��^{�=C"��¬?\����§

;��'�Ú¥]é�p�^§l
����UYÚ	\�^|²�¿	/¤

K�'§=∆ ∼ -B2"ù��'X¿�X3LiTi2O4−δ�¬¥�3X���Ú;

��'����"Ïd§�e5�)û�¯KÒ´�Ø´XÛK�LiTi2O4−δ �

¬¥�ùü���?

3Li1+xTi2−xO4−δÚLi4Ti5O12�¬Uþ��Ì(J�Ä:þ§·�qéW

¿�� ��o¬³��¬S�;��'��¯K�Ñ
��)º"��5`§

¤�¡N��U�3�´du;�kS�/¤Úå�"éuLiTi2O4NX§¬N

|òTi �3d �3�¤eg Út2gü��
[32]"
3LiTi2O4−δ NX¥�3��� §

��¡Or
Ti-O l¡N�ÆC§,��¡�[>fOr
>f'é§l


k|u;��'��/¤"�X�� �ÅìW¿§�¬SÅì/¤Li4Ti5O12

�§ÏdTi �zÜdO\§
k
Ti ¬C�§ùò¬¦;��'�Cf"

�'u;��'��²w³�§°[N��Øe�LiTi2O4−δ�¬��=C

§ÝTc A�vku)Cz"¢Sþù´du3LiTi2O4−δ�¬¥äk�f�p-d

,z�O 2p ��$u¤�¡ [32,33]"du�� ��,�A§LiTi2O4−δ NX¥

�¤�¡��p
§
�K�
3¬N|�^e3��Ti 3d �§�´¤�¡

N����Ývku)UC§Ïd3LiTi2O4−δ �¬¥°[N��Ø§==Ö¿


LiTi2O4−δ NX¥��� �§�¬���=C§ÝA�Ø¬u)Cz"

4.4 �Ù�(

·�|^óÀ-1�ÈEâ3ØÓ�Øe��
�X�Li1+xTi2−xO4 ��§

ÏLé���(�ÚÑ$5��L�§·�uyµ

£1¤�X)��Ø�ÅìO\§��u)
l��5�LiTi2O4−δ ��ý

�5�Li4Ti5O12 ��=C¶^>{�X�¹þ�O\§�K^{=C�§Ýk

ü$�O\§ù´duW¿�� ³�
�^{§ù�U�;��'�k'"


��Ø,��½��§Ñy
Li4Ti5O12 ��)¤§l
Ñy�õ�¬.O\


�^{§¦�K^{�=C§Ýq,p"

£2¤��-ý��m�=CÌ�kü�L§§�Ò´�� �W¿ÚLi4Ti5O12

��)¤¶

£3¤Uþ��Ì�(Jy¢
�� �W¿³�
;��'�"

£4¤�W¿LiTi2O4−δNX¥��� �§�¬���=C§ÝA�ØC"

3LiTi2O4−δ NX¥ÏLé�¹þ�N!E¤>f�u)Cz§¦·�é;��
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'�Ú��>5�m��p�^k
�\�\�@£§é·�?�ÚïÄp§

���ÅnkéÐ�/�"
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1ÊÙ SrCoO3−δ��éLa2−xCexCuO4±δ ��>5�N�

111ÊÊÊÙÙÙ SrCoO3−δ������éééLa2−xCexCuO4±δ ������>>>555���NNN���

3Ô�zÔ��[x¥§ÃØ´�Ç.�´>f.Ô�zÔ§�����

��ÒI�3��L§¥½ö�ò»L§¥?1�ØN!"cÙ´>f.Ô�

zÔ§Ù��^�'���§�8c��§<�éÙïÄ���u�Ç.Ô�

zÔ"Ì��Ï´����>f.Ô�zÔ¥�¹þI�·¥§QØU÷�§

�ØU�~"�§¤±Ù)���� ò»L§´ÙUÄäk��>5�'�

Ï�"

3�zÔá�¥§<���EÉ�(��±¦�¬�)éõ#�y�Úõ

U [144–148]"Holden�<^�Z�,�YBa2Cu3O7Úc^5�La2/3Ca1/3MnO3�

�¤É�(§3���c^�.¡§Ù�C�A�pK�§¦��=C§ÝÚ

c^Øp§ÝÓ�ü$ [149,150]"Ïd§·��Ò�À�«�¹5�r�á��

>f.Ô�zÔLa2−xCexCuO4±δ �¤É�(5N���>5"

5.1 ¢��µ

3p§Ô�zÔ¥§ÃØ´�Ç.�´>f.Ô�zÔ��N§éÙ�¬

�ïÄ���73�,Ú�¹þ�N!þ"éu�,<��±ÏLzÆOþ'

�O�°(/��¤I���,'§
�y3Ñy�pÏþ����EâÄ�

þ�±¦�,¢yëY�Cz [151]§ÏdïÄ�,é���¬�(�Ú��>5

�K�®²Ø2¤�¯K"3>f.Ô�zÔ¥§Ø
�,�	§�����

L§´�¬¼���>5�7�Ú½ [152]§�,éõ¢�y¢ò»L§¥�£Ø


é����f§�%é�¬�(�ÚÔ5E¤
é��K� [153,154]"�¹þ

��^�8c��E,Ø�Ù§
'u��ò»é>f.Ô�zÔ��N¥�

��^Ån8c�vk�¤�£"

ÏLéØÓ�¹þ�Pr2−xCexCuO4±δ �¬?1^>{Ú¿��A�ÿþ§

(Juy�¹þ�Cz¦�¬¥Ú\
�,ÚÃS��A [91]"Ø
3��½ö

ò»L§¥N!�¹þ§�k�«�{��±N!�¬¥��¹þ§Ò´��

É�(�"Gozar �<��
ý��La2CuO4 Ú7á5�La1.55Sr0.45CuO4 V�

��(�§�±¦ÙÑy��5§
�UC)�^S�±¦��=C§Ýl15

K O\�30 K [107]"éu>f.Ô�zÔ��NLa2−xCexCuO4±δ(LCCO) ��§

·��}Á^SrCoO2.5 á�éÙ.¡?1N�"ÀJSrCoO2.5��.¡N�á

���Ïk±eA«"£1¤SrCoO2.5 äk�c^5�§3�c^Ú��.¡¬

�)éõ#Û�y�"£2¤SrCoO2.5 á�¥��� 4N´£Ä§3��¸¥

¬áÂ�/¤SrCoO3−δ§l
£ØLCCO��S��§¦Ù�)��>5"£3¤

SrCoO2.5.¡?´o¡N§LCCO.¡?´l¡N§o¡N�l¡N�.¡¬Ñ

y�
ÛÉÔny�"
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5.2 �¬���

5.2.1 LCCO���������������������

Äk·�éSrTiO3(00l)Ä¡?1
?n§äNö�Ú½31�Ù¥?1


�[�0�"æ^PLD Eâ3SrTiO3 �.þ��
�ZCe�,�äk��>

5�La2−xCexCuO4±δ(x = 0.1)���¬"3�y¤k�¬��È�Ø§qá�

Ä¡�ål§-1í��UþÚªÇ����¹e§é����Z�È§Ý

Úò»�m?1
&¢"LCCO ���äN�È^��µqá�Ä¡�ål�

±4.5 cm§nN��Ø�1.5 × 10−1 Torr§-1í��Uþ�300 mJ§-1ª

Ç�3 Hz§í��m�20 ©¨§,�3ý�e?1ò»?n"Äk?1)�

§Ý�N!§=l500 ◦C-780 ◦CCz§éÑLCCO����Z�È§Ý"��

3�Z)�§Ýeqéò»�m?1
N!"�gUC�¬�ò»�mµl0

∼ 10 ©¨§©O�0 ©¨§2 ©¨§3 ©¨§5 ©¨Ú10 ©¨§,�é¤��

�LCCO��?1(�Ú$§>{�L�§l
éÑLCCO ����Zò»�

m"

5.2.2 LCCO���������������(((���LLL���

·���ÑØÓ§Ýe�LCCO���¬�ÄkI�éÙ?1¬N(��

L�§(@¤�����3SrTiO3�.þ´Ä�ü����§´Ä÷�.´	

ò)��±9��¥´Ä�3,�§ù
��ÏLXRD �θ-2θ ×£Ò�±��

���(J"éLCCO ��ØÓ�È§ÝÚØÓò»�m��¬¤?1�(�

L�´3·�¢�¿SÜ�X��û�¤þ�¤�"Ù¥XRD�θ-2θ ×£�n

·�31�Ù���÷*(�L�¥®²0�L"

ã 5.1: ØÓ�È§Ýe§3SrTiO3�.þ���>f.�,Ô�zÔLCCO�

��XRDã"

62



1ÊÙ SrCoO3−δ��éLa2−xCexCuO4±δ ��>5�N�

ØÓ§Ýe�È�LCCO���¬�×£(JXã5.1¤«§�¬�×£

��þ�10◦ ∼ 80◦"lã¥�±wÑ��È§Ý�500 ◦C �§�¬¥Ø
Ä

¡SrTiO3[00l]���û�¸	§�kLCCO[103]���û�¸§Ïd��Ø´÷

�.	ò)��§�U´�$�)�§ÝØU
�LCCO ��Jøv
�ÄU§

Ïd-1í��lf3�.þØU
��¿©�*Ñ"�X���¬�È§Ý

�Åì,p§�§Ý�600 ◦C�§�¬¥Ñy
[00l]���LCCO�û�¸§ù

´��.SrTiO3�����§
�d��û�¸´���T
′
�§�´[103]��

�û�¸E,�3§
�'500 ◦C �È���S�û�¸�p§`²[103] ��

�(¬E,Ó���Ì�Ü©"�X§Ý�?�Ú,p§[103]���LCCO û

�¸âm©ü$§��720 ◦C �âÄ���§��e[00l]���LCCO �û�

¸§d����Ü����T
′
�"�§Ý,p�780 ◦C �§Ø
[00l]���T

′

	qÑy
LCCO ���T�§ù´����"Ïd�±�Ñ·������

��LCCO����Z�È§Ý�720 ◦C"

ã 5.2: ý�eØÓò»�m�La2−xCexCuO4±δ(x = 0.1) ���XRD ã"

�½LCCO������Z)�§Ý�720 ◦C§,�·�qéý�ò»�

�m?1
&¢"éÙ(�ÚR − T?1
ÿÁ§Xã5.2�ØÓò»�m�¬

�XRD×£ã§lXRD�θ-2θ ãþ�±wÑ�X�¬�ý�ò»�ml0 ©¨

�10 ©¨§�¬¥Ø
SrTiO3[00l]���û�¸	§Ñ´LCCO[00l]���T
′

�û�¸"ØÓò»�m��¬§XRD�û�¸vkwÍ�«O§Ïd�±w

Ñò»�m¿vkUC�¬�¬N(�"duXRD uÿ��´�¬S�N�¤

��J§Ïdéu��¥[��"�ÚÆCLyØÑ5"�´l¿§>{Ú$
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§>{·�Ò�±w�ØÓò»�m��¬�3é��ØÓ"

5.2.3 LCCO���������������>>>ÑÑÑ$$$555���

ÏLØÓò»�m�¬�(�ã·�ØU(½�¬��Zò»�m§Ïd

�
?�Ú(½ØÓò»�m�¬��þ§·�qé3�Z�È§Ý720 ◦C �§

ØÓò»�m��¬?1
R − T �ÿÁ"·�æ^�´ÊÏ�oÚ�{ÿ>
{§3ÿÁ�c·�Äk3�¬Åþo�>4§Ù¥�±æ^Õ�§Å�§Ø

�±9:ÅÅ��{ò7�½¾����ë�"3�©¥·�æ^�´Å�

��{§Äk3��L¡Å��
�§¦����¿©�>§¦þ~��>>

{§,�ò�^7�Å���þk��/�§(�7�Ú����>ûÐ"�

¬�R − TÿÁ´3·�ú�ÿÁm9 T�PPMS ¥�¤�§Ù¥ÿÁ�§Ý«

m�2 K ∼ 300 K§ÿÁ(JXã5.3¤«"lã¥�±wÑ�²Lò»?n�

�¬(0 ©¨)��=C§Ý�$§Xã¥çÚ­�§3=C:>{Ñyþ�§


���=C«m∆T��§RRR ��§Ïd�¬¥�3Xéõ"�"²L2 ©

¨ý��ò»�§�¬���=C§Ý�p§Tc0 �24.2 K§Xã¥ùÚ­�§

��=C«m∆T ��§RRR ��"�Xò»�m�?�ÚO\§��=C§

Ýqm©eü"Ïd�ÑLa2−xCexCuO4±δ(x = 0.1) ���Z�ò»�m�2 ©

¨"�,§ù�´·�3720 ◦C)��¬���Zò»�m§éuØÓ�)�

§Ý§ØÓþÝ���¤I��ò»�m¿Ø��"

ã 5.3: ý�eØÓò»�m�La2−xCexCuO4±δ(x = 0.1) ���R-T­�"

·�J�ÑØÓò»�m�¬�Tc0 �Ú¿§�>{�XL5.4 ¤«§l

¿§>{�±wÑ�?1ò»��¬§¿§>{�800 Ω§Tc0�k16.8 K"ò

»2 ©¨��¬¿§>{��§�k300 Ω§��=C§Ý�p"�Xò»�m

�?�ÚO\§¿§>{ÅìC�§��=C§Ý�eü§Ïd�Ñ)�§Ý

3720 ◦C �§ò»�m�2 ©¨��¬��þ�Ð"ò»?né�¬�K�3

c¡�0�L§~�La2−xCexCuO4±δ(x = 0.1) �¬¥�¬�"�"�3ý�¥
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éLa2−xCexCuO4±δ(x = 0.1)�¬?1ò»�§�±�Ø�¬¥�º:�§l


¦�¬���>5CÐ"ù�´·�ïÄ�éLCCONX�^��Ï§·�F

"Øæ�ò»��ª§�Øº:�¦�¬���5�Jp"

ã 5.4: ý�eØÓò»�m�La2−xCexCuO4±δ(x = 0.1) ���¿§>{

ÚTc0�"

5.2.4 ���ccc^̂̂SrCoO2.5���������������ÚÚÚLLL���

��|^SrCoO2.5��N�La2−xCexCuO4±δ ��§ÄkI���Ñp�þ

�SrCoO2.5��"Ïd·�I�&¢ÑSrCoO2.5 ����Z��^�"ké¤

¦^�SrTiO3 Ä¡?1
?n§?nL§31�Ù¥k�[0�§,�æ^ó

À-1�È��{3SrTiO3 �.þ��SrCoO2.5 ���¬§�
ÚLCCO��

��É�(½öõ��§Ïd§���^��¦�U/�CLCCO�����

^�"�ynN��Ø§qá�Ä¡�ål§-1ªÇ§Ä¡��È§Ý�^

�ÚLCCO ���§Äké-1Uþ?1
N!§Xã5.5 ¤«§3-1Uþ

�200 mJ �§XRD ãÌ¥Ø
SrTiO3 �.�û�¸§�Ñy
SrCoO2.5(00l)

���û�¸§�´�X-1Uþ�O\§Ù§¬¡�û�¸Åì��§��

e[006]¬¡�û�¸§ÏdSrCoO2.5 �����I�3�$�Uþe��"ù

�qá���Ý§±9�.§Ý�Jø�ÄUk'"Ïd·�ÀJ200 mJ�-

1Uþ����SrCoO2.5 ����Z-1^�"

ã 5.5: ØÓ-1Uþe���SrCoO2.5 ���XRD­�"
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3dÄ:þ§·�qéSrCoO2.5���¬�)�§Ý?1
N!"X

ã5.6¤«�-1Uþ3200 mJ�§ØÓ§Ýe���SrCoO2.5 ���XRDã"

lã¥�±wÑ§��È§Ý�700 ◦C �§�¬¥Ø
SrTiO3 �.�û�¸�

Ñy
SrCoO2.5 �û�¸§�´û�¸é�"�X�È§Ý�,p§SrCoO2.5

�û�¸Cr§�X§Ý�?�Ú,p§SrCoO2.5�û�¸qC�
¿Åì�

�§ÏdSrCoO2.5 ��Z)�§Ý�700 ◦C∼750 ◦C �m§�Ä�LCCO ��

Z�È§Ý�720 ◦C§Ïd·�ÀJd§Ý5��SrCoO2.5/LCCO �õ��"

ã 5.6: ØÓ§Ýe���SrCoO2.5 ���(�ã"

5.2.5 SrCoO2.5/LCCOõõõ������������������

Ó�/3��SrCoO2.5/LCCO�õ���c§·�ÄkI�éSrTiO3�.

?1?n§,�æ^óÀ-1�È��{3SrTiO3(00l)�.þ��SrCoO2.5/

LCCOõ����¬§�Ä�ùü������^�é�q§·�ÀJ
��

é)�SrCoO2.5 ÚLCCO á�ÑéÐ�^�"�¬���^�´µ�±qá

ÚÄ¡�ål�4.5 cm§nN��Ø�1.5×10−1 Torr§ù´LCCO��Z��

�Ø§�,�éuSrCoO2.55`�Øk:$§�´3d�Ø�U��SrCoO2.5

éÐ��"du�öé-1Uþ��¦�O'��§LCCO du��L§¥

�3Cu lf�"�'�î­§ÏdI��p�Uþ§
SrCoO2.5 I��$

�Uþ§Ïd��z«���¦^gCÜ·�-1^�"äN���6§´µ

·�k��SrCoO2.5 ��§,�3SrCoO2.5 ��þ��LCCO ��§Xã5.7

�SrCoO2.5/LCCO õ���«¿ã§Ù¥m L«SrCoO2.5 ���þÝ§n L

«LCCO���þÝ§NL«©O��SrCoO2.5ÚLCCO����±Ï�ê"�
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��¤k��ÃØ±Ïõ�§�±���oþÝ�100 nm ØC"UCõ���

±ÏêN§�Ò´UCz�SrCoO2.5 ÚLCCO���þÝ"

ã 5.7: ��SrCoO2.5/LCCO õ���«¿ã"

5.3 ¢�(J©Û�?Ø

ÏLéØÓ±Ï��¬?1(�L�§��SrCoO2.5/LCCO �õ���¬

�XRD ã§Xã5.8 ¤«"3d^�eüÕ���LCCO ��(�éÐ§�¬

¥Ø
SrTiO3(00l)�.�û�¸��kLCCO ��T
′
��¸"Ú\SrCoO2.5 �

�§������±Ï�(=N=1)§SrCoO2.5�û�¸Ñy
§LCCO¥�Ì�

±T
′
��3"��XSrCoO2.5/LCCO õ���±ÏO\§LCCO��¥�T

′
�

Åìü$§
T�ÅìOr§�N > 3 �§LCCO ��¥®²Ø�3T
′
�§��

eT �§
����C¤ý�5§²Lý�ò»?n�ØU¦�¬Ñy��>

5§ùq�Ú·�¤ýÿ�(JØ��"

ã 5.8: SrCoO2.5/LCCO õ���±ÏêCz�XRDã"
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duSrCoO2.5¥�U�3X�� §3��L§¥¬áÂ	5��lf§

Öà(�¥��� "
LCCO���T �(�I�£Øº:�âU¼�

���T
′
�§ÏdXJrSrCoO2.5 ÚLCCO ��¤õ��§SrCoO2.5AT¬

lLCCO ¥ö��lf§l
¦LCCO ��¢yÚý�ò»?n����J"

�´·�uy�õ���±ÏN �L3 �§=¦2?1ò»?n����¬

E,´T �"ù`²3>f.�,�Ô�zÔLCCO ¥§T�ÚT
′
��m�

=C§��ò»?n¿Øé¤k�¬Ñ·^§AT´�3X��N��þ�"

Ø
��N!§3SrCoO2.5/LCCOõ���¥��3X.¡Aå��^"d

uSrCoO2.5�����¬�~êa�3.82 Å [80]§
SrTiO3 ÚLCCO�¬�~ê©

O�3.91 Å Ú3.99 Å§ÏdLCCO )�3SrCoO2.5 ��þ�É�ØAå��

^"�SrCoO2.5/LCCO õ���±ÏêN ÅìO\�§LCCO ���É��5

gSrCoO2.5 ��¡SØAåÅìOr§�ù«¡SØAåO\��½��(=

�N>3 �)§é>f.Ô�zÔLCCO 2?1ò»?n�ØUòý��T�=C

¤���T
′ [69]"

ã 5.9: >f.Ô�zÔò»?n«¿ã"

8c'u>f.Ô�zÔò»?n�`{��Ün�´µò»L§©�ü

Ú§Xã5.9 ¤«§�¬¥CuO¡¥��Ñ�3X��  [155]"Äk3p§850
◦C e?1ò»§Ù�^´òÔ�¡S��� Öà§Ó�¬O\�
�Å�º

:�"ù
Ú\�º:�¬¦�¬�>{O\"1�Ú´3�$�§Ýe(450
◦C) ?1ò»�§Ù�^´òº: ����Ø§l
¦�¬lT �=C¤�

��T
′
�"

�>f.Ô�zÔ¥Ú\Aå�^�§�Ò´��ü«á��õ��(�§

Ùò»?n�L§ÚüX��«á�´ØÓ�"XJin �< [58] ��
j�,Ú

L�,�O)��LCCO �¬�(����§(Juyj�,��LCCO ��

���=C§ÝwÍO\"Uìþ¡�`{§>f.Ô�zÔ�j�,�¬¥

Ô�¡S�3X�� §�´�¬��¬¥j�,��¬äk��>5§ù`

²j�,�¬)�3¬�~êA�ØC�L�,�¬þ§Ø´ÉAå��^§


´Ö�
j�,Ô�¡S��"�§¦Ùäk��5��T
′
��±­½��
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3"Ïd3>f.Ô�zÔ�¬��¬¥§É.¡Aå��^æ^�Úò»?

nÚc¡J��ü>f.Ô�zÔI��üÚò»��J´���"éuØ­

½�j�,�¬5`§��õ��½ö�¬�(�5Ú\.¡�^§~�Ô�

¡�"���­½�(�´��éÐ�ÀJ"

5.4 �Ù�(

�Ù·�3�Z�)�^�©O��
�Z�,�La2−xCexCuO4±δ �

�Ú�c^ý�SrCoO2.5 ��§,�éÑùü«á��Ó���^�§��

ÑSrCoO2.5/LCCO �X�ØÓ±Ï�õ��§¿éÙ(�?1
L�§¤�(

JXeµ

£1¤(½
LCCO����Z)�§Ý�720 ◦C§�Zò»�m�2 ©¨§

¤��¬���=C§Ý�pU�24.4 K"
SrCoO2.5 ����Z)�^�

¥-1Uþ'��§
��Z)�§Ý3700 ◦C∼750 ◦C �m"Ïd·�(½


SrCoO2.5/LCCO õ�����Z)�^�µ�Ø�1.5×10−1 Torr§)�§Ý

þ�720 ◦C§LCCO�-1Uþ�300 mJ§
SrCoO2.5�-1Uþ�200 mJ"

£2¤�(SrCoO2.5/LCCO)Nõ���±ÏêNÅìO\�§>f.Ô�z

ÔLCCO ���É��5gSrCoO2.5��¡SØAåÅìOr§�ù«¡SØ

AåO\��½��(�N > 3 �)§é>f.Ô�zÔLCCO �¬?1ò»?

n�Ø2Uòý��T�=C¤���T
′
�"
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�Ø©Ì��7k¬��zÔ��NLiTi2O4Ú>f.Ô�zÔLa2−xCexCu

O4±δ�����±9>Ñ$5�?1
ïÄ§¤�¢�(JXeµ

1!|^óÀ-1�ÈEâ3ØÓ���MgAl2O4�.þ��Ñp�þ

�LiTi2O4 ��§éÙ>Ñ$5�ïÄuy§ØÓ����¬��=C§Ýþ

�11 K �m"LiTi2O4 �����É5^>{3100 K ±eäk²w��­é

¡5"R��¡�^>{�X§Ý�,p§u)l�^{�K^{�=C§ù

�=C§Ý350 K �m"�T > 50 K �§�¬¥�3��c^;�S3^|

��^eÚå;�^Ý�Þá§l
O\
>fÑ�§¦>{O\"�T < 50

K �§�¬¥�g^Þá½ög^- ;�Ñ�¥%�^|¤³�§>{~�§K

^{Ñy"·�3ØÓ���LiTi2O4��þ��
aq�>Ñ$(J"

2!XÚïÄ
ØÓ�¹þ�LiTi2O4−δ��(�Ú>Ñ$5�"·�uy

3LiTi2O4−δ��¥�X�¹þ�O\§�¬�c ¶¬�~êwÍü$§Åì)

¤
Li4Ti5O12 �"ÏLØÓ�¹þ���>Ñ$ÿÁ§uy�X�¹þ�O

\§�¬3¿§e7á5ÅìC�§$§e�¬l��=C¤ý�5"^>{

�X�¹þ�O\§�K^{=C�§Ýkü$�,p"(Üß�>º��¡

ã�±�Ñ§�K^{�=C§Ýü$´duW¿�� ³�
�^{§ù

�U�;��'�k'"�Ø,��½��§�¬¥Ñy
Li4Ti5O12 �§�

¬�Øþ5¦�^{O\§l
¦�K^{�=C§Ý,p"3��L§¥

ØäO\�Ø§Ø=UUCLi lf�¹þ§���XW¿�� Ú)¤ý�

�Li4Ti5O12 �"

3!©O&¢
SrCoO2.5ÚLa2−xCexCuO4±δ����Z��^�§,�3�

Z^�e��
SrCoO2.5/La2−xCexCuO4±δ(LCCO)õ��(�§ïÄò»Ú¡

SAåéLCCO��(�Ú��>5�K�"·�uy�XSrCoO2.5/LCCOõ

����êÅìO\§LCCO ���(�l����T′ �=C¤ý���T�§

¿§>{�u)é��Cz§ý�ò»?nØ2éLCCO����å�^"`

²>f.Ô�zÔLCCO��S�º:��k3�½�^�eÉý�ò»�K

�§�LCCO��É��¡SØAå�L�½��§LCCO �¬¥���~­

½§=¦æ^ý�ò»�ØUòÙ£Ø"

ïÄ
ØÓ�.§ØÓ��ÚØÓ�¹þék¬��zÔ��NLiTi2O4

���(�Ú>Ñ$�K�§�±¼�LiTi2O4NX�õ�>f�(�&E"Ï

L�*(�L�¦·�?�Ún)
LiTi2O4−δ���¬¥��-ý�=C�L

§9Ån"(Ü^{§Hall�A§��ÌÚlf�NN��Ãã§�±��Ù

>f�(��õÔnþN��5Æ§?�Ú�õLiTi2O4�¬�>fU��ã§

l
�·��¡n)p§��ÅnJø�Ï"
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