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Abstract

Abstract

Since the development of the tunneling spectroscopy in the 1960s, it has be-

come an essential method to study the unconventional superconductivity. Due

to the high energy resolution, tunneling spectroscopy can be used to detect su-

perconducting energy gap, pseudogap, electron-boson coupling etc. In this the-

sis, we studied tunneling spectra on several unconventional superconductors by

point-contact technique and introduced the design and setting up of a new Com-

bined Laser Molecular Beam Epitaxy and Scanning Tunneling Microscope system

(Combi-LMBE-STM system). The main contents are as follows:

(1) We studied the origin of several anomalies in the point-contact tunneling

spectra of (Li1−xFex)OHFeSe§LiTi2O4 and La1.9Ce0.1CuO4−δ. Although these

features are quite similar to some intrinsic superconducting properties, such as

Andreev reflection, multigap superconductivity, p/d-wave pairing symmetry, they

cannot be accounted for by modified BTK theory, but stem from critical current

effects. It is important to make a distinction between these anomalies and intrinsic

superconducting properties.

(2) We studied the electrical transport properties and tunneling spectra of

the [001]-oriented LiTi2O4 thin films. An anomalous magnetoresistance(MR) was

observed which changes from nearly isotropic negative to prominently positive

with the decrease of temperature. We suggested that the positive MR can be

ascribed as the orbital-related state which is also supported by the fact that the

energy gap decreases as a quadratic function of magnetic field. The negative MR

stems from local spin fluctuations or spin-orbit scattering.

(3) We studied the tunneling spectra of the [111]-, [110]-, and [001]-oriented

LiTi2O4 thin films. Several prominent bosonic modes are observed in the [111]-

and [110]-oriented films but not in the [001]-oriented ones, and these modes exist

at T = 2Tc and beyond the Hc2. The energy scale of these modes is close to phonon

modes which can be confirmed as electron-phonon coupling. We suggested that

the anisotropic electron-phonon coupling origins from oxygen vacancies enhanced

Jahn-Teller distortion. The robust phonon modes in tunneling spectra may be

enhanced by orbital-related state.

(4) We investigated the origination of normal state gap(NSG) in Pr2CuO4±δ

thin films. The NSG can be detected in several films with various Tc. We found

that the NSG is insensitive to magnetic field but can be suppressed by temper-

ature. More importantly, the magnitude of the NSG increases with increasing

point-contact junction resistance on the superconducting films, which is further

enhanced in the nonsuperconducting samples with more oxygen disorder. We ar-

v
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gued that the NSG stems from disorder enhanced electron-electron interactions.

(5) We introduced the design, setting up and debugging of a new Combi-

LMBE-STM system. The system is consist of Combi-LMBE chamber, STM cham-

ber, sample transfer chamber, preparation chamber, load-lock chamber etc. It can

be used to grow combi-films and measure STM/STS in-situ. So far, the vacuum

can be better than 5×10−10Torr, and temperature is down to 6K, and the holding

time for liquid Helium is around 48h. We have successfully obtain atomic resolu-

tion in room temperature and atomic steps in low temperature. The key technical

indexes have already met the requirements. The first run is expected in recently.

Keywords: Point-Contact Tunneling Spectroscopy, Unconventional Supercon-

ductors, Superconducting Combinatorial Thin Films, Scanning Tunneling Mi-

croscopy

vi
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• 1958c§L. EsakiÄg3��Npn(¥*	��B�A"¦ÿþ(�IV

�*ÿ�²w�/Hump01�§Ù���A
¤�U��>�Uþ�"

T�{��Æ¿Â3uU
ÏLÌÆ&E�����N�>f(�&

E [3]"

• 1960c§I. GiaeverÉ�Esaki�éu§òT�{A^�7á-ý�N-7á(

�ïÄ¥§¦¤õ��ÑPb-Al2O3-Al��(§Ù¥�z�þÝ��20Å"

¦34$§eÿþ��(�IV A5�§uy²w���51�"�
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©>��þ>Ø�∆/e� �*	�²w�peak£Xã1.1¤«¤§ù

p∆�Pb���UY [4]"T�{���y
BCSnØýó���UY"

ã 1.1: Pb-Al2O3-Al��(dI/dV� [4]"

• 1962c§B.D. JosephsonnØýóü���NÏLý���m3" Ø

eduCooperé��B�3k��>6§=�6Josephson�A"\þ

 ØV�§¬�)�6�-u§Ù-uªÇ�f = 2eV/h§T�A¡��

6Josephson�A [5]"�6Josephson�A�5�Giaever�<l¢�þ��

�y [6]"

• 1973c§ì��ÔnÆøÇ�L. Esaki!I. GiaeverÚB.D. Josephson§±L

Ú¦�3���AnØÚ¢�þ��z"

• 1981c§IBM�i¬¢�¿�BinningÆ¬ÚRobrerÆ¬u²
×£��w

�º£STM¤ [7]§¦�ò���A��A^�&ÿ�¬L¡/mÚÛ��

�Ý£ó��nXã1.2¤«¤"STM¦�*	�fÚöp�f¤��U"

Ùu²���×�A^uL¡Ôn!và�Ôn!zÆ!)Ô�õ�+

�"1986c§ì��ÔnÆøÇ�STM�ü u²ö§±LÚ¦�3T+

�¤�Ñ��M5�z"

ã 1.2: STMó��n«¿ã [8]"(a)�kÚ�¬�m�ý�³^"�k>f�±

±�½AÇ�B��¬¶(b)STMÏ~dX!Y!Zn����Ø>>b5°[�

�¼�L¡/mã§�kÏ~����f"
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1.1.2 ×××£££������www���ººº/������ÌÌÌ333������ïïïÄÄÄ¥¥¥���AAA^̂̂

²L30õc�uÐ§×£��w�ºÚ��Ì3��ïÄ¥��
2��

A^§§¤�·�@£��>5Ø�½"�Eâ"35Nature Physics6��

��Ø¥J�µ<���p§��á��Äår¢�Eâí�
± Ã{��

�4�§©Ù¥Þ
n�~f§STMÒ´Ù¥�� [9]"p§��N´L�Ôn

�STMEâJø
ûÐ�²�"

��UYÚ�éé¡5 ��Ì´&ÿ��UYÚ�éé¡5�ýZÃã"

�Xc©¤ã§��UY�UþºÝ3A��A��meV§fÐ3��Ì�U

þ&ÿ��S"�âBCSnØ§��8�z��Ý3UY ��3Oâf�Z

¸§��ÌU
��ÿþ�Z¸§l¼�UY�"d	§ØÓ�éé¡5§

ÙOâf-uÌØ��"'X§sÅ��N§ÙUYSvkOâf-u§Ïd�

�ÌÌ.Ï~Ly�/U0.¶d Åé¡5§duUY�3!:§UYS�3

Oâf-u§¤±Ì.þLy�”V”."Ïd§�â��ÌÌ.ÒU�äUY�

éé¡5"��Ìÿþ��±��&ÿõUY1�"�õêcÄ��NLyÑ

�õ�¤�¡�1�"Ï~�ÒéAXõ�Sëþ"ÿþ��ÌUw�õ��

Z¸§lUrz�Sëþ�&EJ�Ñ5"

ÀÚ� 3��N¥8N-u�ª�>fu)rÍÜ�§¬¦�UY¼ê

3E=Ω+∆�/�k²w�?�§Ny3��Ìþ�UY±	�hump/dip(

�"�âTÌ.�J�k�ÀÚfÌ¼êα2F (ω)§Ù�¹X���é��«&

E"�@Ty�3Pb���Ìÿþ¥�*	�§��y¢�(f [10]"3Ô�z

Ô [11,12]!cÄ [13–15] 9Ù§�~5��NX¥þk2���§�ÙåÏ�õ�3

�Æ"Ì��Ï´�~5��vk¤Ù�nØ"ÿþ��ÀÚ�&E��Uò

ÙÚÙ§Ãã���UþºÝé'§lm��äÙáuÛ«a.��-u"

ã 1.3: STM*	��^Ï�f9^Ï±���Ì"(a)3NbSe2�¬¥*	��

n�^Ï�f [16]¶(b)3LuNi2B2C�¬¥*	��o�^Ï�f [17]¶(c) 3FeSe

¥*	��ý�/^Ï [18]¶(d)3YBa2Cu3O7−δ*	��^Ï
[19]¶(e,f)l^Ï�

f�>�÷ØÓ����Ì�üz [19]"
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^Ï 1952c§A. A. AbrikosovJÑg,.¥�3K.¡U���N§\^

|��§�¬SÜ¬�)þfz�^Ïµ^§^Ï�¬/¤±Ï�f"STM´

*ÿ^Ï1��rkåÃã£Xã1.3¤«¤"�õêDÚ��N¥§^Ïü�

�n��f [16]",§k
AÏNX¥§^Ï%¥yÑo��f [17]"3FeSeü

¬¥#Û�uy
ý�/^Ï§��y¢´��Ú����Ó�^�(J [18]"

ïÄ^Ï�f�^Ï>�Ì.�üz5ÆU
JøNXéõ���1�"~X§

CÏBerthod�<3YBa22Cu3O7−δ¥*	�Caroliõde GennesõMatricon^Ï

�1��DÚ��N�©aq§Ïd§¦�@�Ô�zÔ��>5E,�±^

²þ|nØ)º [19]"

,�� |^STMïÄ,��±���Ì�üz´&¢��>5Ån�

��4Ù��Ãã"~X§S.H.Pan�<3Bi2Sr2CaCu2O8+δ¥�\Zn�±w

�÷!:��Ú�!:��UY¥yÑØÓ�üz5Æ [20]"3J.X. Yin�<

3Fe(Te,Se)¥,�Fe *	�½�"U�§4k�U´Majorana¤�f�3

�yâ [21]"

OâfZ� OâfÅ��,�½¬�"�Úå�ÃSu)�5-E§Úå

���Å�\�ÅU\¬/¤Z�^«"|^STM�±��*ÿ�OâfÅ�

Z�^«§,�éÌã?1Fp�C�§��Å¥�mû�s�"Ùû��:

��:�Å¥éA�´¤�¡þÑ��r�:�më�/¤�Å¥§éAué

Ü��Ý�p�«�"Ïd§�âOâfZ�Ì�&E�±���í¤�¡ÿ

À(�"ã1.4 �Ñ
ØÓ�,Bi2212�¬�âOâfZ�Ìíÿ�¤�¡(

�"

ã 1.4: ØÓ�,Bi2212�¬OâfZ�Ì [22]"

�UY 3�Ç.Ô�zÔj�,Ú�Z�,«�§�þÿþÃã3Tc�

þþ*	�UY��3§,TUY�3¤�¡NC,
«�/¤§NX�

´7á�§Ïdù�UY��¡�/�UY0"'u�UY�å��±5�

ÆØä§Ì�©�ü�µÙ�´@��UY´��ý�é¤�§Ù�´@�

�UY´��S�	�¿�S"dd§�ãþ(½�UY>.�T*��3

±en«�U5 [23]µ£1¤�UY�������§´ý�éã�¶£2¤�U
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Y�����§�3��(½�þf�.:¶£3¤�UY����m�p¿

�§��Ñy��Ø��UY"1998c§C. Renner�<ÿþ
j�,Ú�Z�

,Bi2Sr2CaCu2O8+x���Ì§uy��UY²wüz�Tc�þEU*	�§¦

�@�TUYÒ´�UY(Xã1.5¤«) [24]",§CÏY. F. Lv�<|^�l

fñÂ�¬L¡©O��Bi2212 �BiO2¡§SrO¡9CuO2¡§¿ÿþ
ØÓ¡

���Ì§¦�uy�cÿþ��UYþ5uBiO2¡§DÚ*:@���

5uCuO2§3CuO2¡S*	����UY��u�UY(Xã1.14¤«)"Ï

d¦�@��UYÚ��UYäkØÓ�å [25]"

ã 1.5: j�,Bi2Sr2CaCu2O8+x�¬ØÓ§Ý��Ì
[24]"

Ø
±þ0��A:§STM3��ïÄ+��k�õ�A^§'X��5

��Ì [26]!g^4z��Ì [8]!��*	Ù§kS�£XCDW [27]!^«� [28]

�¤9ïÄ§������m�'X�§ù
é·��¡@£��Ônäk�

©��¿Â"

1.2 ��k¬��zÔ��NLiTi2O4�ïÄ�µ

k¬��zÔ±ÙAk�CdA59{�¬�LyÑE,�>ÖS [29]!;

�S [30]9g^Þá [31]�1�"��ù
1�Ñy
c> [32]!^��  [33]!õ

c [34]!��>5 [35]!¤�f [36]�´L�y�§�ïÄvàNÔ5Jø
û

Ð�²�"38cuy�Cz«k¬��zÔ¥§�k4�êLyÑ7áA

5§LiTi2O4´8c��uy���k¬��zÔ��N§Ù�pTc��13.7

K [37]"ïÄù«3k¬��zÔ(�¥Ñy�¾����A5äk�©��
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¿Â"��¡§§Ö¿
é3d xLÞ7á�zÔ$d;�Óâ���>5�@

£¶,��¡§§�ïÄE,�p�^�µe���>5Jø
ïÄÄ:"

1.2.1 ¬¬¬NNN(((���

LiTi2O4¤á�m+�Fd3m§��LiTi2O4¬��¹k8�LiTi2O4ü�§Ù

¥64�o¡N §32�l¡N "1/8�o¡N �Li�fÓâ§1/2�l¡N 

�TiÓâ"¬����8.405Å"LiTi2O4¬N(�Xã1.6¤«¤§Ùdü@f�

f��ü�¤§Af��Ti-O8¡N§Bf��Li-O o¡N"Ti�f uO�

l¡N §Li�f uO�o¡N "üÕw¤kTiü��o¡N�."n�

�LiTi2O4 124��'§Ti�+3.5d§Ti�ff¬��3AÛ{�§ÙÄ�k�

U´g^�N� [38]"

ã 1.6: LiTi2O4¬N(��."£a¤«¿ã¶£b¤¢S�.§Ù¥ÉÚ�¥�

LLi�f§�Ú�¥�LTi�f§ùÚ�¥�LO�f"

éun�LiTi2O4¬�§O�f|¤�f¬���{�¡%á�(�",

§éu�õêk¬�zÜÔ§�� �ëêu ln��0.375"�lf÷

X[111]���l�C��Lilf§�XTilf|¤�n�/¥%£Ä§��f

 �ëêu����0.425 [39]"3n�(��LiTi2O4¥§Li�f�éTi-Ol¡N

�Ø²ïÓâ��¬N|Øé¡§ù¬ÚåTi-Ol¡N�ÆC§=¤¢�Jahn-

Teller�A§ù�U´� ÆC��Ï��"ù«ÆCéU�(� [40]Ú>(ÍÜ

Ñ¬�)�½�K�§Ù¥é>(ÍÜ�K�ò31ÊÙ¥äN0�"

1.2.2 UUU���(((���

LiTi2O4ü��¹ü�zÆª�'��f§�O14�§ÏddTi �z�d;

��20^ [40,41]"3¬N|��^eÊ{¿�d ;�3�¤n{¿�t2g;�

Úü{¿�eg;�"O �2p;���°��4.7eV§Ù�Ti�t2g;��m�U

Y�2.64eV§�1-uÿþ�3eV'��C [42]"kü^U�BL¤�U?§3

Ø:�3����>f��"ü^U�/¤�¤�¡�pi@"Ti �3d;�

ÚO�2p;��3�~f�,z"�Ô�zÔØÓ§Cu�3d;��O�2p;�

/¤dpσ�§Ïdpd >f,z'�²w§LiTi2O4¥/¤�´dpπ�§>f�

�Ué�§Ïdpd,z�é��"µSR¢��ÑOéPauli^^��zé�§
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`²O3D�>fÅ¼ê¥��zéf [43]§LiTi2O4´��d�Ì��NX§�

U�O�(J��"

O  �ÆCéU�(��¬�)�A�K�"��Ýþüö�k²w�«

O"n�(�O����Ý�5.9 states/eV/formula unit§¢S(�O���

�Ý�3.2 states/eV/formula unit"$���Ý�O ÆCk'"Ï~�¹e�

�Ý�pXÚ�Ø½§Ïd§O ÆC�k�U5u>f(��°Ä [40]"

1.2.3 ���������555���

LiTi2O4'9aCδC/γnTc=1.78§Ñ�uBCSnØýó�1.43§dd[ÜÑ

�>(ÍÜrÝ�λe−ph = 0.65"ù�Massidda�<|^McMillianúªTc =
θ

1.45
exp(− 1.04(1+λ)

λ−µ∗(1+0.62λ)
) O�
LiTi2O4 �>(ÍÜ~êÄ���

[40]"�â8�

z�C§'9(J�±[Ü��2∆0/kBTc ≈ 4§ù`²LiTi2O4®²�Ñ
fÍ

Ü�4�§áu¥�rÝÍÜ"'9Xê�^|�5Cz§`²LiTi2O4�sÅ

�é��N"õ¬Andreev��Ìÿþ(Jw«LiTi2O4UY���1.9meV§�

'9ÿþ(JÄ���§¿�ÎÜsÅ�é [44]"

1.2.4 ���~~~���555���

¢�uy§ÏL'9ÿþ���LiTi2O4¤�¡NC��Ý�9.2 states/eV/

formula unit [45]§�k¢��Ñ(J�4.9 states/eV/ formula unit [46]",��

¡§^zÇÿþ�Ñ���Ý�6.8 states/eV/formula unit [39]"ÃØXÛ'U�

O����"¢Sþ§ØÓ��{�����Ý�¤±ØÓ´Ï�§�ÓP�

ÔnL§Ø��"U�O�==�Ä
Ã�p�^�µe���Ý"^zÇÿ

þK�±¼�g^Þáé��Ý�z�&E§'9ÿþØ
U
ÓPg^Þ

á�&E	§é>(�p�^�é¯a"b�U�O����Ý�N0(EF )§¢

S��Ý�N(EF )§�ö�m�'X�L«�:

N(EF ) = N0(EF )(1 + λtot) (1.1)

Ù¥§λtot = λe−ph + λe−e + λSF§λe−ph�>(ÍÜrÝ§λe−e�>f->f'é

rÝ§λSF�g^ÞárÝ"

¢��ÑLiTi2O4�λtot = 1.8§O��Ñ�>(ÍÜrÝλe−ph= 0.65 [40]§

ù`²TNX¥>f->f'éÚg^ÞáØU�Ñ"

duTi�f¬��3���AÛ{�§�$U?��3k��ò{¿§¤

±OâfÃ{½3Ó���þ§Ø��3C��p�^¦�t2g;�?�Ú3

� [41]"l¡NÆC��3�t2g;��?�Ú3�Jø
�U
[47]"LiTi2O4NX

¥du>f'éÚå�É~1�·�ò31oÙ!1ÊÙ¥?�Ú?Ø"

1.3 >f.Ô�zÔïÄ�µ

1986c§BednorzÚMuller3Ba-La-Cu-ONX¥uy35K��=C§Ý [48]§

ù�(JM#
3ù�c75c�P¹§mé
Ô�zÔp§�����"¦�
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Äu��ÌEâ&¢�~5��>f��ã

3�c��B�Ç�ì��ÔnÆø"����=C§ÝP¹3á�mS�Ø

äM#§8c��~Øe�pTcp�133K§3HgBa2Ca2Cu3O8+xNX¼�
[49]"

Xdp�=C§ÝáÚ
ÃêïÄö�,�§,3Ô�zÔNX�««¢�

*ÿþÚDÚ��NwÍØÓµÙ>f�éÅ�q�ØU^{ü�BCS �>

f- (f�p�^)º§UYLyÑÛÉ�dx2−y2é¡
[50–53]"3�~�*	�

�õÛÉ1�§X�UY [24,54–60]!��Øþ!5 [61–63]!g^�ÝÅ [64–66]!>

ÖS [62,67–69]!�¤��N1� [70,71]��"Ô�zÔ1N��c^Mott ý�N§

ÏL�,>f½�ÇØ��c^5l¼���"3ù�L§¥�3E,�U

þºÝ�¿�§�Ô�zÔÅnïÄ�5
î��]Ô"�'�Ç.Ô�zÔ§

>f#.Ô�zÔäk�$�þ�.|Ú���¿�S§�&¢Ô�zÔÄ�

5�Ú��ÅnJø
éÐ�²� [72–74]"

1.3.1 >>>fff...ÔÔÔ���zzzÔÔÔ������ÇÇÇ...ÔÔÔ���zzzÔÔÔ���ÉÉÉÓÓÓ:::

i. ¬N(�

Ô�zÔ��G(�§©OdDè�ÚCuO2��Oü�¤"Ù¥Dè

���16f¥��CuO2�Jø>f½ö�Ç§��Ñy3CuO2�"/214.0

>f.Ô�zÔ��Ç.Ô�zÔ(�Xã1.7 ¤«"Ù¥§>f.Ô�zÔÔ

�¡þeØ�3º:�§¡�T
′
(�§�Ç.Ô�zÔÔ�¡þe�3º:�§

¡�T(�"d	§ü«(�Dè��� ��Ø�Ó"T
′
(�¥(�� u¡

S§T(�¥(�� ucþ§dd�yü«(�zÆª�'þ�2:1:4"

ã 1.7: >f.Ô�zÔÚ�Ç.Ô�zÔ(�ã [72]

ii. �c^>.

�â²;�U�nØ§3Cgd>fb�e§Ô�zÔ1N¥CuÓâ3d9§

AT��÷W¿�7á�"�¤k¥fû�ÿþ¿vk*ÿ�7á5§´�

c^ý�� [75]"ù´Ï�3TNX¥>f�3ér�¥Ô'é§��U�3�

¤þeHubbard�§e����W÷§þ����§ÏdLyÑý�5"l
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�ãþw§>f.Ô�zÔÚ�Ç.Ô�zÔ1Nþ��c^Mott ý�N§�

X�,�?1§�c^�ØäØ� [76]",§üö��c^��� �wÍØ

Óµ>f.Ô�zÔ¥�c^S��òY��Z�,NC§�Ç.Ô�zÔ

3���vÑy�B®²��§Xã1.8 ¤«"ïÄö@�Ô�zÔ¥�c^S

åuCu3d-O2p-Cu3d >f�����p�^ [77]§�Ç�,u)3� þ§�

�»�ù«����p�^§l»��c^S"�>f�,3Ô þ§�´

DºÜ©g^§vk»��)�c^S��p�^§¤±�c^S���±�

3�ép��,"

ã 1.8: >f.Ô�zÔÚ�Ç.Ô�zÔ�ã [76]

iii. �UYv.s.�~�UY

31.1�!¥®²J�3�Ç.Ô�zÔj�,Ú�Z�,«�¥|^�«

ÿþþ*	����UY",§dc3>f.Ô�zÔ¥'u�UY´Ä�

3���3X�Æ">f.Ô�zÔ3��UY�þ�3Xü�A�UþºÝµ

pU/�UY0(0.2-0.4eV)Ú$U/�UY0(∼5meV) [72]"

pU/�UY031>�¥�ÄgÿÑ [78]§UþºÝ��0.2-0.4eV§'�

Ç.�UYUþºÝ�C��þ?"d��ARPESÿþ�y [79]">f.Ô�z

Ô¥*	���UY��Ç.�'k±eA:ØÓ [72]µ(1) j�,«��§�

c^Sïá§ÝTN�Øõ´T∗���§�Ç.Ô�zÔ3���c�c^S

®²��¶(2) >f.Ô�zÔ�UYUþºÝ��c^��'éUJ�'[§

�Ç.�UYUþºÝ'>f.���þ?¶(3) �UY��É5����c

^'éA�Å¥��"

Ød�	§�k�
A����Ç.²wØÓµ(1) é�Ç.ó§�U

Y���Ñy3(π, 0):§>f.Ô�zÔ�UY���Ñy3(π/2, π/2):¶

(2) é�Ç.ó§3ab¡ÿ1>�Ã{uÿ��UY§>f.%�±¶(3)

>f.j�,«�Ä���c^§��UY3T«�®/¤§�Ç.3j�

,«�Ä�´���"
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�â±þA:§`²>f.Ô�zÔ�UY��Ç.Ø´Ó��UY§é

>f.ó§ù��UY�k�U´��c^�'�UþºÝ"D. J. Scalapino

3�#�Review©Ù¥ò>f.Ô�zÔ¥L«�UY�T∗�£Ø§¦�Ñ

>f.Ô�zÔ¥��3���c^UþºÝ§Xã1.8 ¤« [76]"

>f.Ô�zÔ$U/�UY03��Ì¢�¥�*	�§��Ç.Ô�

zÔ��Ìþw���UY1�aq§þLy��~�¤�UNCÜ©��

Ý�"�"3>f.Ô�zÔ¥TUYÏ~�¡��~�UY"Ï~3"|

eTc�þ§éJ��*	��~�UY
[80]"ÏL^|Ø�K�����±²w

w�¤�UNC�dipA�§=��~�UY�Ly"TUY�§Ý,pÅì�

Ø� [81]£Xã1.9 ¤«¤§�A�Ø�^|Cz"'u>f.Ô�zÔ�~�U

Y�å��Ç.¥��UY��kü«�ÆµÙ�´/one-gap0ã�§=�

���'§��Þá½ý�é [82]�"Ù�´/two-gap0ã�§=5u���

	�¿�S [83]!Coulomb gap [81]�"

ã 1.9: Pr1.5Ce0.5CuO4�¬½|C§��Ì
[81]

1.3.2 ���éééééé¡¡¡555

8cú@��Ç.Ô�zÔ�dx2−y2�é§�>f.Ô�zÔ�éé¡

5©ª�3�Æ"��ä����N´Ä�dÅé¡§��Ì¢�þ'�

�yâ´" >�¸£ZBCP¤"3>f.Ô�zÔNXmÐ���ÌïÄ

¥§ZBCP¿ØU½�*	�§3Nd2−xCexCuO4
[84,85]§Pr2−xCexCuO4

[86,87]§

La2−xCexCuO4
[88]¥þk*	�ZBCP ��3",§,k�
¢�3�Z�

,Nd2−xCexCuO4
[89–93] ÚPr1−xLaCexCuO4

[89] þ¿vkw�ZBCP"�¯a¢

�´ïÄ�éé¡5�~^Ãã"3�Z�,ÚL�,�Nd2−xCexCuO4��

�ZigZag (��ÙÅÜ(ÿþuy�XZigZag (��êþOõ§�.>6�

N�&ÒOr§ù´dÅé¡���yâ [94]"C. C. Tsuei�<|^�Z�,

�Nd2−xCexCuO4ÚPr1−xLaCexCuO4�¬��
n¬(§¿|^×£SQUID w

�º3n¬(Ñ*	���^Ïþf§y²>f.Ô�zÔäkdÅé¡ [95]"
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,§ÃØ0 (Ú�(§Zigzag (�§�´n¬(§ÙØ�;�Ñ¬3(«�

)ÃS§ÃSé��é¡5�.kÛK�8cØ��"

G. Blumberg�<ÿþ
Nd2−xCexCuO4�¬���6�.ùÌ§�Ñdu

3hot spots?r���c^Þá§¦���UYÑy3¤�¡��c^Ùp�

«���?§�Ùp�«>.UY�� [96]§¦��Ñ>f.Ô�zÔ��ü

NdÅé¡"��§Dagan�<ÿþ
lj�,�L�,�Pr1−xLaCexCuO4�

�Ì§¿|^�üNdÅUY¼ê∆(θ) = ∆0

[
1 + η cos2(2θ)

1−0.9| cos(2θ)|

]−3/2

?1[Ü§�

��,«ÑU[Ü�éÐ§Ïd¦�@�>f.Ô�zÔ��üNdÅé¡ [97]"

d	§3Pr2−xCexCuO4�,�6���ÌïÄuy§Ì.ÅìddÅ1�

£ÑyZBCP¤LÞ�sÅ1�£/U0.¤ [87]"ÏdïÄö@�lj�,�L�

,L§¥u)
ld Å�s Åé¡�=C§3�Z�,NCÑyþf�.: [73]

£Xã1.10¤«¤"

ã 1.10: >f.Ô�zÔ��domeelj�,�L�,«é¡5�=C [73]

Santander-Syro�<@��üNdÅ�U5udÅÚsÅ�U\§¦�ÿþ


Sm2−xCexCuO4�ARPESw«3>f��LyÑsÅ1�§3�Ç��Ly

ÑdÅ1�§Ïd@�>f.Ô�zÔ�s+d�éé¡5 [98]"du¢�(J�Ø

��§�8c��§>f.Ô�zÔ��éé¡5E?3�Æ�¥"

1.3.3 VVV���ååå

�õê�~5��NLyÑõ��1�§ïÄõ��üzéun)�~

5��>5�'�"éõ¢�ïÄL²�Z�,>f.Ô�zÔ¤�¡N

C�3ü�U�§=3(0, π):�>f��Ú3(π/2§π/2):��Ç��£X

ã1.11¤«¤"lj�,�L�,§¤�¡ÅìlÕá�ü�>f��üz��

�>f��Ú���Ç��2üz������Ç�� [79,99]"

11
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ã 1.11: Nd2−xCexCuO4�,�6�¤�¡üz
[79]" (a)x=0.04¶ (b)x=0.10¶

(c)x=0.15

Ø
ARPES��*ÿ�VU��	§>Ñ$ÿþ����A
16f�

V�1�"3�Z�,Nd2−xCexCuO4p|^{ÿþ¥*	�ü�ªÇ�þ

f��§y²�3ü��BL¤�¡ [100]"Ød�	§3La2−xCexCuO4
[101]§

Nd2−xCexCuO4
[102]ÚPr2−xCexCuO4

[103]NX��,�6�Hallÿþ¥þuy1

6fÄkLy�>f�1�§,�´>f�Ç��§��üz�ü��Ç1�

£ã1.12�La2−xCexCuO4ÿþ(J¤§�y²
>f.Ô�zÔ�V�1�"

ã 1.12: La2−xCexCuO4�,�6�Hallüz [101]

V���)��c^S���' [72]"3L�,«§�c^���Ø�§¤

�¡�k�����Ç�"�X�,�~�§�c^SúúÚ\§�c^SÙ

p�«��u�Ùp�«�~�"~��§�5��Ç���±²£��±

Ï§ü�Ç��u)�U§�:=¡�Hot Spot"duù«U�ØU½�3§

7,3Hot Spot?�m��UY§u´B/¤
>f��Ú�Ç��Ó��3

12
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�ü�(�"¢�þ§éõÿþ(JÑ|±ù�ã�§'X3Pr2−xCexCuO4N

X¥*	�HallXê��,Ñykink [103]!É~§Ý�6��6�Ý [104]!¡S

^{É~ [101,105]"d	§¥fÑ�ÿþ3j�,«*	��c^SÚg^Þ

á [106]§¿�ò��L�,«� [107]"ù
¢�(JÑ|±du�c^Ú��¤

�¡��ã�"

1.3.4 þþþfff���...111���

þf�C´3"§u)�d�,!Øå!>|�°Ä�lkS�ÃS�

�C [108]"ïÄþf�C9�C«��IÝ1�éun)�~5��Ån�'

�"þf�Cu)�=C:�¡�þf�.:"Ô�zÔþf�.:�3

é��Æµþf�.:�êþ! �!å�ÿØ�Ù [74]"8c§>f.Ô

�zÔú@�þf�.:kü� [71]£Xã1.13 ¤«¤§Ù���c^þf�.

:§=ã¥�xFS :"Ù���¤��N1���LÞ�¤��N1���

.:§=ã¥�xc :"�c^þf�.:®��)Hall [103]!^{ [109]!=�^

{ [101]!Nernst [110]!thermopower [111]!ù	1>� [112]�¢�y¢"du>f.

Ô�zÔ�õêNX3p�,«�Ø½§Ã{�\ïÄ4L�,1�§,§

La2−xCexCuO4 NX�¬�±CX���«"Jin�<c[ÿþ
La2−xCexCuO4

L�,�>{Ç�§Ý�Cz§*	�²w��5>{�T2 �üz§�[Ü�

��Ñ�Ç3�.:NCuÑ§y¢�¤��N1��¤��N1��þf�

.1� [71]"

ã 1.13: La2−xCexCuO4�,�6�ã
[71]

3^|e§La2−xCexCuO4¥�xc:u)
���£Ä
[113]§Åì�$�,

«[£"ù¿�X^|Ø�
�¤��N1�"¢Sþ§Ø
^|	§�¹þ

éuLa2−xCexCuO4 ���>5�¬ké��K�§Ïdïá�p���ãé

u)ûÔ�zÔp§��Ån�'�"
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1.4 pÏþEâ3��ïÄ¥�A^

l��8§<a�¬�?§o´��Xá��uÐ�¦^"l�ì���

�Ôì��§2��lVó��·���5��¦^gc§2���V"

&E�����Nó�"�±`á���K�<a�¬uÐ"?\���V§

<�éá��I¦�5��"#á��ïu�¡��î����"�Xá��

|©Ú(�C��5�E,§&¢±Ï¥yAÛ?ê�O�"��Jpá��

ïu�Ç§7L�»DÚ�ª§Ï¦�p��á�ïuÃã"2011c6�§c{

IoÚcnê3kFÄr��Æüù�\Ù3�{¢�/k?�E�º�'X

Oy0"Ù¥§á�ÄÏ|Oy´TOy����|¤Ü©"Ù�3)Ôá

�!xzJ!ä�ÄEÜá�!'éá�!>fÚ1fá�!Uá�!��

(�á�!kÅ>fá�!àÜÔ�á�+�ò#á��uy!mu!�EÚ

¦^�ÝJp�� [114]"á�ÄÏ|OyÄ:���¹n�²�µO�óä²

�!¢�óä²�Úêâ¥9&E²�§nö�m�'XXã1.14¤«"TO

y�#á��&¢�²
��§ò3<a4|!�'U!I[S�Úe��

NÄå�+�u���^"

ã 1.14: á�ÄÏ|OyÄ:��«¿ã [115]

1.4.1 pppÏÏÏþþþEEEâââ���½½½ÂÂÂ

pÏþEâ´á�ÄÏ|Oy�Ø%Eâ§Ù�)kpÏþá���!p

Ïþá�L�ÚpÏþO�"¤¢pÏþ¿Ø´{ü�ÏLO\¤ì��êþ

5��¯�ïuá��8�§´ÏL�#á���ÿÁÃãl¢yl:

��$�´¡�¯�&¢"Ød�	§pÏþEâ�ä�DÚá�&¢¤Øä

��`³"~Xæ^pÏþ�{ügÜ¤ëY|©Cz�¬��±î���

|©°Ý§¼�DÚ�{éJ����.|©"pÏþ��Eâ�Ì�g�´

|Ü��{§=òØÓ|©!ØÓÔnzÆ�A^�?1|Ü¦Ù3ØÓ��

«�u)§l¢yá��pÏþ��"pÏþL�EâÌ��)±&�
�

�Ì�Ñ$ÿÁÃãÚ±�«×£�Ì�ÿÁÃã§'X×£&�w�º!�

«XRD!�«�«×£1|&ÿÃã�"
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1.4.2 pppÏÏÏþþþ|||ÜÜÜ������EEEâââ���uuuÐÐÐ{{{§§§

@3þV8Ô�c�§J.J. Hanak3á�Ü¤+�ÄgJÑ|Ü�g�§

ù´�@�pÏþEâ��Þ [116]§�du��"y�¬L��Ããvk�Ú

åÀ"/Ïù�|Ü�g�§pÏþ|Ü����EâuÐ²{
n�Ì�

��ã§Xã1.15¤«"1��|Ü���{��^�í��{§|^õ�

5ñÂØÓ�'�qá§Ù�)����pU\§du�����3ßÝ©Ù§

�C��¥%�ßÝ7,pu��>�§dd3�.þ�CØÓ�/�ò�

ÈØÓ|©���§lg,/¤|©�Cz"�T�{éJ°(��|©·

Ü'~"1��|Ü��Eâ´Äu^�í�ÚóÀ-1�È�
�ù���

{"3qáÚ�.�m\þ�kØëYÏ��
�ù��"ù«�{�±¢y

3ØÓ �)�ØëY|©Cz��¬"1n�|Ü��Eâ´Äu-1©f

å	ò�ëY £ù���{"T�{U
¢y��3�.L¡	ò)�§¿

¢y�¬3��$�ü��Ýþ|©ëYFÝCz"

ã 1.15: |Ü��EâuÐ�n��ã [117]"(a)1��|Ü��Eâµ�^�í

�¶(b)1��|Ü��Eâµ
�ù���{¶(c)1n�|Ü��Eâµ�k

ëY £ù���-1©få	ò�{"

1.4.3 pppÏÏÏþþþEEEâââ333������ïïïÄÄÄ¥¥¥���AAA^̂̂

��á��1911cuy�8®}zc"lü������Ü7§2�n

�!o�!$��õ��¤�zÜÔ§�±uy��k��5Æ§�X��

«a�õ§(��E,§Ù��=C§Ý��p"'X8c���pTcNX

�Hg-Ba-Ca-Cu-O§�Ê�zÜÔ"�±ýÏ�pTc�NX4k�UÑy3�

õ��NX¥",§DÚ�ü�Ü¤ü�L���{uy#��á��±Ï

�©û�§®²Ã{÷vI¦"òpÏþEâÚ\#��á�&¢�ù�DÚ

�ïÄ+��5
)Å"

1995c§�¡À�<|^
�ù��?1õgù�3�¬2.5cm×2.5cm�

�.þ)�Ñ1024«|©�¹�XÚkX�Ô�zÔp§��N£Xã1.16¤
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«¤"Tó��þ
Science µ¡§3��ÚåØ��ñÄ [118]"

ã 1.16: Ô�zÔ|Ü�� [118]"(a)
�ù��ãY¶(b)ØÓ«��¬RT�¶

(c)Scienceµ¡��"

2011c§7À�<|^�^�í���{33=���.þ)�
Fe-B�

�NX|Ü��"¦�ò�¬©��1cm×1cm��¬§|^8×8��&�


�Ó�31¬«�¼�16�Ï��RTêâ"¦�uy3Fe-B'~�1:4�«�Ñ

y��>5 [119]£Xã1.17¤«¤"dc1�5�nO�ýÿFeB4�#���á

� [120]§�lvk�¢�y¢"TNX�æ�§B�L:p§éJÏL���

AÜ¤",§|^|Ü����{�±¤õ�Ñù
æN§¼�
8I�"

ù´î8�������|^pÏþ|Ü���{uy�#��á�"

ã 1.17: Fe-B��NX|Ü�� [119]"(a)ØÓ«��¬RT�¶(b)��&�


�¶(c)��«�^zÇ�"

2013c§Bozovic�<|^©få	ò�{3�¬�.þÜ¤
ëYFÝ|

©�La2−xSrxCuO4±δ|Ü��"¦�ÏL1���{ò�¬�¤�x§�¤


Ù>Ñ$5��ÿþ§¯�¼�800|k�êâ?íÿÑÔ�zÔ��N�z

Æ³��,�üC5Æ [121]"ùNyÑ|Ü���¬3ïÄ��Ån�¡�r�

`³"
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1.5 �©Ì�(�

�©�Ì�ó�´ïÄ�~5��N���Ìþ�É~1�§Ì�ÀJ�

NX�LiTi2O4ÚPr2CuO4"ùü�NX3��ÌþÑLyÑ´L�1�§�·

��÷Ù¥�#ÛÔny�Jø
éÐ��á"Ød�	§·�XÚ0�
|

Ü-1©få	òÚ×£��w�ºéÜXÚ��O�ïó�"

Ø©Ì�©�±eÔ�Ü©µ£1¤1�ÙÌ�0�
��Ì�nØ�¢�

Ä:¶£2¤1nÙÌ�0�
·�3:�>��Ì¢�¥Ñy����1�9

�U)º¶£3¤1oÙXÚ0�
3[001]��LiTi2O4���Ñ$Ú��Ìï

Ä¶£4¤1ÊÙÌ�0�
3[001]! [110]Ú[111]��LiTi2O4����ÌïÄ§

)º
Ù��É5>(ÍÜ��¶£5¤18ÙÌ�0�
3Pr2CuO4NX¥

*	���~�UY§¿©Û
Ùå¶£6¤1ÔÙÌ�0�
|Ü-1©f

å	òÚ×£��w�ºéÜXÚ��O!�ï�NÁ¶£7¤1lÙ´o(�

Ð""

�©z�Ù!�m´�p'é�µ1�Ù´��Ì¢�ïÄ�cJ§�9

��ÌÿþXÚ��ï!êâ?n�[Ü¶1nÙ0���Ì¢�ÐÏ  ¬

����«���y�§�(£Où
y�kÏuïÄ�������Ì¶1

oÙ?\äN¢�ïÄ§ÏL>Ñ$Ú��ÌïÄá�LiTi2O4NX¥É~^{

1��Ån§¿�ÑTNX1�Ì>f��ã¶1ÊÙòY1oÙ�ïÄ§ÿ

þ
ØÓ��LiTi2O4�����Ì§¿ÄguyTNX¥��É5>(ÍÜ¶

18Ù=£�1NÔ�zÔNX§ïÄ
�~�UY�å"¤kù
ïÄ(

JÑ´ÏLDÚÑ$Ú��ÌÃã¼�§�����B���>f��ã±Ï

�©û�"Ïd§·�Ú\pÏþEâ§F"Jpá�&¢±Ï§$�?1�

\°[�ÔnïÄ"u´·��O�ï
|Ü-1©få	òÚ×£��w�

ºéÜXÚ"
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1�Ù ��ÌïÄnØ�¢�Ä:

111���ÙÙÙ ������ÌÌÌïïïÄÄÄnnnØØØ���¢¢¢���ÄÄÄ:::

��Ì´|^þfåÆ����A&ÿ�¬��Ý&E��«~^Ãã"

|^��ÌEâ�±��&ÿ��UY!�éé¡5!>f-ÀÚfÍÜ�&

E§3��ÅnïÄ¥��
2��A^ [122]"ÿþ��ÌÄk�����("

��(����{kéõ«§~����(kü«µ�«´²¡(§�ÿ�¬

Ú>4�m/¤¡�>¶,	�«´:�>(, |^7á�kÚ�¬/¤��

("��Ìé��(³^�pÝ�~¯a"Ï~�¹e§�â³^pÝ�Ø

Ó§ÿþ�Ì.kü«a.µÙ�´Andreev��Ì§§éA�³^pÝé�§

Andreev��é>�åÌ��z�^¶Ù�´��Ì§§éA³^pÝ��§�

B�Aé>�åÌ��z"$§eÿþ���¬��Ì�±w�²w��Z¸§

�Z¸ �û½
UY��":�>�{ÚSTMÿþ��Ìké���q5§

ÙÌ�«O´STM�k��¬�m´ý�³^§:�>�{´|^�¬L¡

U,��z�/¤³^"du��>6��k�¬�mål¥�êP~§Ïd

^STMUw�'�Û����Ý&E§äk�Ð��m©EÇ":�>�{

�kÚ�¬éC§Ïd���´²þ��Ý&E"Cc5§cÄ���uy�

Úå
2����ÌïÄ"ducÄ�¬�z�����¬´�§|^DÚ�

:�>�{Ã{/¤½���(§dduÐ
soft point contact �{§§�

�|^�>Õ�¥�Õ�â�O�k/¤��(§ù«�{äkûÐ�Å�

½Ú9½5§ÏdÉ�2���à [123]"

ã 2.1: ��Ìÿþ�n«¿ã [123]"�>��~7á«§m>���«§¥mb

Ú¢��³^«"3UY±þ§>f£7Ú¢%�¤���B?\��«/¤

Oâf¶3UY±e§>f±¥]é/ª�B§�����Ç£ùÚ¢%�¤

8c��§©Û��Ì�Ì6nØ´BTKnØ [124]§ù�nØb���(
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¥�³^�ù³§Ó�ò�Ä
�kÚ�¬m>f¤��Ý���ëþZ^5

û½³^pÝ"¦)Bogoliubov-de Gennes �§§Á&)�Ä
�)Andreev�

�£A¤!�~��£B¤!hole.Oâfß�£C¤Úelectron.Oâfß�£D¤

o«L§§òÁ&)�\�§|^ë�^�B�±��o«L§u)�A

Ç"�������>6�'u1+A-B"��§3ù�nØ�Ä:þuÐ
d-

wave [125,126]§��É5s-wave§õUY��'nØ§¤�[Ü��Ì¢�êâ

�k|óä"

2.1 üâf���A

ùp·�±�~�7á/ý��/��N£NIS¤(�~{ü0�üâf�B

�nØ�. [127]"

·�b�HSÚHM©O���NÚ�~�7á�M�îþ§ÙéA���

�©O�ΨSÚΦN ,�A���Uþ�ESÚEN"�âSchrödinger�§kµ

HSΨS = ESΨS, HNΦN = EMΦN . (2.1)

>f3�~�7áÚ���m=£�M�îþ�µ

HT =
∑
k,k′

(Mk,k′C
N†
k′ C

S
k + h.c.) (2.2)

Ù¥Mk,k′�l��Nk��B��~�7ák
′���BÝ
�"

NXoM�îþ�µ

H = HS +HN +HT (2.3)

d�§�(�üà\þ>ØV ,�~�7áÚ���¬�m�¤�U�

�eV ,�â¤��7½K§>fl��N�[�7á��[AÇ�µ

ωSN =
2π

~
∑
Ψ,Φ

|〈Ψ|〈Φ|
∑
k,k′

Mk,k′C
N†
k′ C

S
k |0N〉|0S〉|2 × δ(Ek + eV − Ek′) (2.4)

Ù¥|0i〉(i = S,N)�L��NÚ�~�7á�Ä�"Ïdüâf��>6L�

ª�µ

ISN = eωSN (2.5)

Ï~�¹e§V � EF§ë��[�>fÌ�5u¤�¡NC§·�

�±@�Mk,k′´�k, k
′Ã'�~êM"��(³^Ï~Cz�ú§=3âfde

Broglie Å�Cz��S§l�±Ú\WKB Cq [128], =kµ

M2 = e−2γ (2.6)

Ù¥

γ =

∫ s

0

√
2mϕ

~2
dx =

s

~
√

2mϕ (2.7)
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ã 2.2: NIS(�B«¿ã"î¶��~�7á½��N��Ý§p¶�Uþ"

�\>Ø�p��N¤�U§>fl��N�B��~�7á"

þª¥mL«>f��þ§s��k��¬�m�ål§ϕ�³^pÝ§d�k

Ú�¬�õ¼êû½"

dd§ª2.4�±?�Úz{�µ

ωSN =
2π

~
exp(−2s

~
√

2mϕ)

∫ +∞

−∞
dE
∑
k,Ψ

|〈Ψ|CS
k |0S〉|2δ(E − Ek)

×
∑
k′,Φ

|〈Φ|CN†
k′ |0N〉|

2δ(E + eV − Ek′)

=
2π

~
exp(−2s

~
√

2mϕ)

∫ +∞

−∞
dEnS(E)nN(E + eV )

(2.8)

Ù¥

nS(E) ≡
∑
k,Ψ

|〈Ψ|CS
k |0S〉|2δ(E − Ek) (2.9)

nN(E + eV ) ≡
∑
k′,Φ

|〈Φ|CN†
k′ |0N〉|

2δ(E + eV − Ek′) (2.10)

lª2.9Úª2.10�±wÑ>f3l��N��~�7á�B�L§¥u)

�ÔnL§Xeµ

3��NS�«��>f§Ùu)�AÇAT�'u��NÓâ�>f�êþ§

=µ

nS(E) = gS(E)f(E) (2.11)

3�~�7áS�)��>f§Ùu)�AÇAT�'u�~�7á���ê

þ§=µ

nN(E + eV ) = gN(E + eV )(1− f(E + eV )) (2.12)
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þª¥§gS(E)���N¤�¡NC��Ý§gN(E + eV )��~�7á¤�¡N

C��Ý§f(E)�¤�©Ù¼ê"

dd§üâf��>6L«ª�?�Úz{�µ

ISN =
2πe

~
exp(−2s

~
√

2mϕ)

∫ +∞

−∞
dEgS(E)gN(E+eV )f(E)[1−f(E+eV )] (2.13)

dª2.13�±��wÑ§l��N��~�7á��B7L÷v�e^�µ£1¤

��N¤�¡NC��ÝØ�"§��A���Óâ¶£2¤�~�7á¤�¡

NCk��Ý§��A�����"��>6�'ugS(E)gN(E + eV )f(E)[1−
f(E)]"3NIS(�BL§¥§Qk>flN�S��B§�klS�N��B"Ï

d·��±O�À>6�µ

I = ISN − INS =
2πe

~
exp(−2s

~
√

2mϕ)

∫ +∞

−∞
dEgS(E)gN(E + eV )f(E)[1− f(E + eV )]

−2πe

~
exp(−2s

~
√

2mϕ)

∫ +∞

−∞
dEgS(E)gN(E + eV )[1− f(E)]f(E + eV )

=
2πe

~
exp(−2s

~
√

2mϕ)

∫ +∞

−∞
dEgS(E)gN(E + eV )[f(E)− f(E + eV )]

(2.14)

éu�~�7á§·��±@�3¤�¡NC��Ý�~ê§Ïd·�^g(0)�

OgN(E + eV )§Kk:

I =
2πe

~
exp(−2s

~
√

2mϕ)g(0)

∫ +∞

−∞
dEgS(E)[f(E)− f(E + eV )] (2.15)

?�ÚO��©>��µ

dI

dV
=

2πe

~
exp(−2s

~
√

2mϕ)g(0)

∫ +∞

−∞
dEgS(E)

∂f(E + eV )

∂V
(2.16)

$§�§·�k
∂f(E + eV )

∂V
= δ(E + eV ) (2.17)

òª2.17�\2.16�

dI

dV
=

2πe

~
exp(−2s

~
√

2mϕ)g(0)

∫ +∞

−∞
dEgS(E)δ(E + eV )

=
2πe

~
exp(−2s

~
√

2mϕ)g(0)gS(eV )

∝ gS(eV )

(2.18)

dd§·���§3$§eÿþNIS(��©>��·��±�����¬�

��Ý&E"�âBCSnØ§��N��Ý�µ

gS(E) = g1(0)Re
|E|√

E2 −∆2
(2.19)

Ù¥g1(0)���N�~���Ý§∆���UY¼ê"

ÏdÿþNIS(��Ì�±��¼���UY&E"
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2.2 Andreev-Saint-James��

Ï~�¹e§du��UY��3§>fUþ�u��UY�Ã{�BÏ

LNIS(",��~7áÚ��N/¤ûÐ��>�§>f�±�,��g

^���>f(Ü/¤¥]é�B§l�����Ç§Xã2.3¤«"ù«

Å�Ï~�¡�Andreev��"¢Sþ§ù«>f-�Ç��Å�3þV60c

��Saint James§de Gennes ÚAndreevÕáuy§¤±Ï~��¡�Andreev-

Saint-James�� [122]"

ã 2.3: Andreev��«¿ã"£a¤3NS.¡\���>f§�����Ç¶£b¤

3NS.¡\����Ç§����>f"

1950c§MendelssohnÚOlsenÄk��
��N9{3·Ü�²wO\�

y� [129]"��§ZavaritskiiuyÃØ´3(f�9Ì��$§«�´>f�

9Ì��p§«§ù�y�Ñ�©²w [130]"Abrikosov�<�Ñ(fÌ�«�

ù�y�ù�U5u�	(f�Ñ�§�¿ØU)º>fÌ�«�1�"

1964c§AndreevJÑ3·Ü�du^Ï�ÑyÚ\
éõ�~�/���.

¡§>f3ù
.¡?u)
Andreev��§l��9{�O\ [131]"§Ú

\Bogoliubov-de Gennes�§¦)NS.¡�>fÑ$�§£äN�)Û/ªò

3e��!¥�Ñ¤§uyÅÄ�§�)�3������Ç.Oâf�Å¼

ê§âd¦)Ñ�9��§Ý��6�~Ð�ÎÜ¢�y�"

Andreev���¦3âf\��{²¡��þÄþÅð§ÙL�ªXeµ

pesinθinc = phsinθref (2.20)

Ù¥pe�\�>fÄþ§ph����ÇÄþ§θinc�\�>f���{���Y

�§θref����Ç�{���Y�"

��~7á¤�U��u��UY�§=εF � ∆§Andreev��¬3��

þ-u�Ç§ù«�¹�¡��SAndreev��"d�§�Ç�k��þ�>

f��§Ïdpe = −ph§θinc = −θref",§�εF � ∆�§�÷vUþÅð§

Andreev���U3d�þ-u�Ç§ù«�¹�¡��mAndreev��"ù�§

�Ç�\�>fk��þÎÒ�Ó§Ïdpe = ph§θinc = θref§ù«�¹~�

uGrapheneÚ��N.¡ [132–134]"äN�¹Xã2.4¤«"

2.3 Blonder-Tinkham-Klapwijk(BTK)nØ

2.3.1 s-wave���///

�âBCSnØ§��>f�é/¤¥]é§Ù¤?�G��^�����
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ã 2.4: ü «Andreev� � � n ã [132]"£a¤ � SAndreev� �¶£b¤ �

mAndreev��"

�þL«§=µ

Ψk =

[
uk(x, t)

νk(x, t)

]
(2.21)

Ù¥uk(x, t)�>fÓâ�AÇ§νk(x, t)�>f�Óâ�AÇ"uk(x, t)Úνk(x, t)÷

vBogoliubov-de Gennes�§§=µ
∆(x)νk(x, t) +

[
− ~2

2m
∇2 + V (x)− µ(x)

]
uk(x, t) = i~

∂uk(x, t)

∂t

∆∗(x)uk(x, t)−
[
− ~2

2m
∇2 + V (x)− µ(x)

]
νk(x, t) = i~

∂νk(x, t)

∂t

(2.22)

Ù¥∆(x)���UY§µ(x)�zÆ³§V (x)�Hartree³"

éusÅ���>f§�±@�∆(x)!µ(x)!V (x)þ�Ø�6uxCz�~

ê§�§2.22�)�����mÕá�²¡Å§=µuk(x, t) = uke
ikx− iEkt

~

νk(x, t) = νke
ikx− iEkt

~

(2.23)

éuV (x) = 0§kµ 
Ekuk =

[
−~2k2

2m
− µ

]
uk + ∆(x)νk

Ekνk =

[
−~2k2

2m
− µ

]
νk + ∆(x)uk

(2.24)
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¦)ª2.24��§éuz��UþEk§ko�k��éA§=±k±§kµ

~2k2
±

2m
= µ±

√
E2
k − |∆|2 (2.25)

?�Ú§ò2.25�\ª2.24�µ
u2
k+ =

1

2

(
1 +

√
E2
k − |∆|2
Ek

)
≡ u2

k0 >
1

2

ν2
k+ =

1

2

(
1−

√
E2
k − |∆|2
Ek

)
≡ ν2

k0 <
1

2

(2.26)


u2
k− =

1

2

(
1−

√
E2
k − |∆|2
Ek

)
= ν2

k0 <
1

2

ν2
k− =

1

2

(
1 +

√
E2
k − |∆|2
Ek

)
= u2

k0 >
1

2

(2.27)

Ïd§Å¼ê�±��µ

ΨS
±k± =

[
u±k±(x)e−iEkt/~

ν±k±(x)e−iEkt/~

]
= e±ik±x


√

1
2
(1±

√
E2

k−∆2

Ek
)√

1
2
(1∓

√
E2

k−∆2

Ek
)

 e−iEkt/~ (2.28)

Ó�§éu�~�§∆(x) = V (x) = 0§¤±

~2k2
±

2m
= µ± Ek (2.29)

Å¼ê�

ΨS
±k+ =

[
u±k+(x)e−iEkt/~

ν±k+(x)e−iEkt/~

]
= e±ik+x

[
1

0

]
e−iEkt/~ (2.30)

ΨS
±k− =

[
u±k−(x)e−iEkt/~

ν±k−(x)e−iEkt/~

]
= e±ik−x

[
0

1

]
e−iEkt/~ (2.31)

Ù¥

Ek =

{
~2k2+
2m
− µ, (|k+| > kf )

µ− ~2k2−
2m

, (|k−| < kf )
(2.32)

BTKnØb�3NS.¡�3��δ³^§��V (x) = V0δ(x)"b�3�B

L§��5L§§=éu±�+�Ý�B�âf§Ùß�âf�U´�+�Ý§

��âf�U´K+�Ý"ù«�¹e>flNS.¡�B�#No«ÔnL§

u)£Xã2.5¤«¤§=�����Ç£A¤§����>f£B¤§ß���>

f.Oâf£C¤§ß����Ç.Oâf£D¤"Ïd§>fl�~�Ñ$��
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���Å¼ê�±L«�µ

ΨN
inc =

[
1

0

]
eik+x,

ΨN
refl = a

[
0

1

]
eik−x + b

[
1

0

]
e−ik+x,

ΨS
trans = c

[
u2
k0

ν2
k0

]
eik+x + d

[
ν2
k0

u2
k0

]
e−ik−x

(2.33)

ã 2.5: NS.¡>f�B«¿ã"

|^Å¼êëY5^��±¦)ëêa-d:£1¤Å¼ê3x = 0?ëYµ

ΨN(0) = ΨS(0) = Ψ(0)¶£2¤Å¼ê���ê÷vµ ~
2m

dΨS(x)
dx
|x=0− ~

2m
dΨN (x)
dx
|x=0 =

V0Ψ(0)"l·��±¼�Andreev��AÇA(E)Ú�~��AÇB(E):

A(E) = |a(E)|2 =
u2

0ν
2
0

γ2

B(E) = |b(E)|2 =
(u2

0 − ν2
0)Z2(1 + Z2)

γ2

 (E > ∆) (2.34)

A(E) = |a(E)|2 =
∆2

E2 + (∆2 − E2)(1 + 2Z2)2

B(E) = |b(E)|2 = 1− A

 (E < ∆) (2.35)

Ù¥§

Z =
mV0

~2kF
(2.36)

γ = u2
0 + (u2

0 − ν2
0)Z2 (2.37)

3ùp§Z�´��Ãþj�þ§Ù�N
³^pÝ"�éu¢S�¹

ó§7áÚ�¬�m�¤��Ý¬�3��§l¬Úå�	³^§ÙL�ª

�µ

Zeff = Z2 + (1− r2)/4r2 (2.38)
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ã 2.6: �©>�Ì�Z��Cz"Z�l0ëYN�2§m��0.1.

Ù¥r = vFN/vFS"8cvk�{Uò0>³^�AÚ¤��Ý��©lm5?

Ø§�ù¿ØK�¢�êâ�[Ü§[Ü�Z�¢SþÒ�¹
ùüö�K�"

�3��(üà\þ Ø�§o��B>6���L«�µ

I(V ) ∝ N(0)

∫ +∞

−∞
[f(E − eV )− f(E)][1 + |a(E)|2 − |b(E)|2]dE (2.39)

dª2.39éN´wÑAndreev��O��B>6�~��ü$�B>6"

3"§e§��>�L�ª�µ

dI

dV
(V ) ∝ [1 + |a(E)|2 − |b(E)|2] (2.40)

�©>�3ØÓZ�e� Ø�CzXã2.6¤«"3Z = 0�§NS(�©>

�3��UYS´�~7á>��ü�"ù´Ï�\�>fu)Andreev��§

ß�>fé��ü�\�>f�>þ§��u3/¤¥]é�B"��§�³

^ép�§'��Cý�³^�B��/"

BTKnØ´²þ|nØ§Ù±Bogoliubovõde Gennes�§�Ä:"Ïd§

�{�p�^§XOâf�Ñ�ÚOâf�é�vk�Ä?�"�©�BTKn

Ø£ã�´���~�7áÚ��Ï~�sÅ��N�m��BL§"éuïÄ

�~5�éNX§AO´3�Ç�,�Ô�zÔ¥�dÅ�é§¿ØU��Ün

�)º"

2.3.2 d-wave���///

éu�Ç.Ô�zÔó§�©E1>fUÌ!n¬(�¢�(J|±dÅ

�é�/ [50,53]"ùp�dÅ´�dx2−y2Å§ÙUY¼ê���µ

∆(θ±) = ∆0cos(2θ ∓ 2α) (2.41)
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Ù¥θÚαdã2.7�Ñ"

ã 2.7: �~7á/dÅ��N.¡��Úß�L§«¿ã"θ�>f\����

.¡{�Y�§α��¬a¶���.¡{�Y�"

1995c§Y.TanakaÚS.KashiwayaòBTKnØ*Ð�dÅ�/ [126]§#O�


Andreev��AÇa(E, θ)Ú�~>f��AÇb(E, θ)§ÙL�ªXeµ

a(E, θ) =
4cos2θ

√
E + Ω−

√
E − Ω+exp(−iφ+)

(4cos2θ + Z2)
√
E + Ω+

√
E + Ω− − Z2

√
E − Ω+

√
E − Ω−exp[i(φ− − φ+)]

,

b(E, θ) =
−Z(Z + 2icosθ){

√
E + Ω+

√
E + Ω− −

√
E − Ω+

√
E − Ω−exp[i(φ− − φ+)]}

(4cos2θ + Z2)
√
E + Ω+

√
E + Ω− − Z2

√
E − Ω+

√
E − Ω−exp[i(φ− − φ+)]

(2.42)

Ù¥

exp(iφ±) = ∆(θ±)/|∆(θ±)|,Ω± =
√
E2 − |∆(θ±)|2 (2.43)

d�§��>6�L�ª���µ

I(V ) ∝
1

2π

∫ +∞

−∞

∫ +π

−π
[f(E− eV )− f(E)]σN(E, θ)[1 + |a(E, θ)|2− |b(E, θ)|2]dEdθ

(2.44)

Ù¥

σN(E, θ) =
4cos2θ

4cos2θ + Z2
(2.45)

3dÅ�é�/e§�Xα��Cz§��ÌÌ.LyÑ�~´L�1�§X

ã2.8¤«"

2.3.3 ÙÙÙ§§§���///

1. ��É5�sÅ

��É5�sÅUY¼ê�±��∆(k) = ∆1[cos(kxa)− cos(kya)]4 + ∆2§Ï

LN!∆1Ú∆2�'�±����É5�§Ý"��É5sÅÏ~´du¬�

3,���é¡5»"§Ñy¬�~ê�O�½~��� [44]"

2. s+ isÅ
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1�Ù ��ÌïÄnØ�¢�Ä:

ã 2.8: dÅé¡��N��ÌÌ.�α�Cz"£a¤α = 0§/V0.Ì�¶£b¤

α = π/12§m©Ñy" >�¸¶£c¤α = π/6§��C¤" >�¸¶£d¤

α = π/4§" >�¸�r¶£e¤α = 2π/5§" >�¸P~¶£f¤α = π/2§¡

E/V0.Ì�"

ù«�/¢SþéA�ü«sÅSëþ§ÙUY¼ê�±L«�∆(k) =

ε∆1 + (1− ε)∆2"ÏLN!ε����ü�UY��é'"MgB2´;.�ü�

�/§äkü�s Åé¡�UY§3��Ìþ�±w�ü�²w��Z¸ [135]"

éuõ��/�±ÏL*	��ÌÌ.þ�Z¸��ê(½UY��ê"�,§

�k�U�3s+ id Údx2−y2 + idxy ��/��é�¹§ù3��Ìþ¬k�E

,�1�"

éuÙ§�E,��/§X*Ð�sÅ§pÅ�3ùpÒØ���Þ§äN

�ë�D.J. Van Harlingen�nã©Ù [136]"ÃØéu=«�éé¡5§���

�
UY¼ê�L�ª§nØþÒUO�Ñ�B>6�L�ª"Ïd§��Ì

´���~k|��ä���éé¡5�Ãã"

2.4 ��Ì¢�Ä:

2.4.1 ������(((���������

��(���'�´/¤�~7áÚ��N�m�½�fë�§=/¤

½��«³^"³^�����K���Ìÿþ�Ì.Ú(J§Ïdéuÿ

þ��Ì�©'�"ã2.9¤«�;.�NIS(�B«¿ã"AT¦þ~�>f

3�BL§¥É(«��5Ñ��K�§�r���5Ñ�¬��Ã{O(&

ÿ��«Oâf��Ý�&E"d	§�AT;���C��A�K�§Ïd

I��y(«�»r � l, r � ξ§ù�âUO(&ÿ��Oâf��Ý§Ù¥l§

ξ©O��B>f�²þgd§Ú���Z�Ý"

~����(���{k²¡(!:�>£point-contact¤!^�>£soft-

contact¤!V¬(£grain-boundary junctions¤�"

1. ²¡(
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ã 2.9: NIS(>f�B«¿ã [123]"�Ú¢%�ªu�³^«§l��B>f²

þgd§§ξ�¥]é�Z�Ý"

²¡(´�~����(§Ï~�{´3��NL¡�Û��Al§|

^Al3�í¥/¤�����z���³^§2�Û��Au½Ag����~�

7á§/¤NIS(£Xã2.10¤«¤"éu�zÔ��N�¬§¦^T�{��

��(�I�5¿ÙL¡4´��z§�Û3��L¡�7á�Uò��N¥

��áÑë�zÆ�A/¤�zÔ§l����NL¡òz§K�¢�(J"

ã 2.10: ²¡(«¿ã

2. :�>

:�>�{|^7á�kÚ�¬/¤��(§Xã2.11 (a)¤«"T�{'

�·Üÿþ�zÔ�¬§Ï�ÙL¡¬/¤U,��z�§��³^§�k:

�>(«NÈ�§N´*	��Ð���&Ò":�>�{¥�kÏ~^²þ

gd§�§MÝp�7á§~XPt/IrÜ7"�
�����³^§k�I�^

zÆ@¡��{·�?n�¬L¡§~��z� [137]"�©¢�ïÄó�Ì�æ

^�ù«�{"

:�>�{�kÙ¦�
CN§nØþù§��/¤ü:�>þ�¡�:

�>"Xã2.11 (b,c)¤«�Ù§:�>�{"
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ã 2.11: :�>�{«¿ã"£a¤DÚ:�>�{¶£b¤ò�~7áÚ���

¤	/(�§,��C/¤ü:�>¶£c¤ò7á��Åì�C��ý¡§d

u��þÝÏ~�B�?O§ù�B�/¤����«:�>§�±ÿþ��

¡S�B�&E [86]"

3. ^�>

^�>�{Ì�^uÿþcÄ���¬"cÄ�¬Ï~L¡´òz§�´

y"~5�:�>�{N´»��¬(�Ã{¼�k^���Ì&E"^�>

�{��|^�>Õ�¥�Õ�â½[����â�O�k/¤��(§ù«

�{äkûÐ�Å�½Ú9½5§,ù«�{�>¡':�>�{��§

¢Sþ´Ó�/¤
õ���(§��ÿ���Z¸Ð°��£��5Ñ�r§

l��Oâfk�Æ·á¤ [123]"

ã 2.12: ^�>�{«¿ã [123]

4. V¬(

òÄ¡÷XØÓ����§�(3�å",�|^�(��#Ä¡)��

�§ù�ÒU/¤U,���(§¡�V¬(£Xã2.13¤«¤"V¬(kéõ

�`³"1�§V¬(´� /¤�§ØI��?Û�Y�?nÚ\�
Ø

(½Ï�¶1�§�±¢y¡S�B¶1n§¡S�B����±ÏL©�Ø

Ó�����Ä¡¢y [90]"�,§V¬(��{k�U��(«Ï¬�±ÏS

»�Ñy¤© Û§lØU�LN��5� [86]"

2.4.2 :::���>>>������ÌÌÌÿÿÿþþþ\\\���OOO

ïÄ���¬��ÌÏ~�34$§r^|�¸e?1§8c¢�¿~^
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ã 2.13: V¬(«¿ã [90]

�$§^|²�´Quantum Designúi)��Physical Property Measurement

System (PPMS)��"ÏdI��OoNT�����Ìÿþ\"

�O��Ìÿþ\Ì�k±eA:��5¿µ1) ÿþ\�¦9"ÿþ\l

�à�,�à§��C300K§��y�¬�NCü�n�§Ý§7Lü$ÿþ

\¦9¶2¤Å�½5"Ð�Å�½5U
k�ü$ÿþ\�Ä§�y¢�

ÿþ�½5¶3¤U
¢y°[�?�"3¢�L§¥§�kI��ú%C�

¬L¡�ª/¤½���("°[�?�U
�y�kØ�»���¹e/

¤¦�U��½:�>"Äu±þA:§�<�O
��:�>��Ìÿþ

\§Ù�.Ú¢ÔXã2.14¤«"

ã 2.14: :�>ÿþ\�.£�ã¤�¢Ôã£mã¤

Tÿþ\�¬� uPPMS�¬÷þ§�y
�¬�$§�¸"�k��

�ë�ºà��©Ú^§�y?��°[��"3�k�Ú�¬n�m^§

ÝXê���ØCg.�ë�§OrXÚÅ�½5"ÿþ\ë�Ü©æ^

©áØCg+ë�§±O�Ù9{"�O\óC��¤�?1
$§Úý�

�ÿÁ"PPMS XÚ3�\ÿþ\��±^|ü§�2K§ý�Ý�Ä�Ù4

�ý�§`²ÿþ\¦9Ú�45Ñ÷vÿþ�¦"��§|^Tÿþ\ÿÁ


La1.9Ce0.1CuO4−δ���¬§^|���|C§��Ì§¿^dÅBTKnØ?
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1
[Ü§Xã2.15¤«"ddy²Tÿþ\Ä�U
¢y��Ì�ÿþ"

ã 2.15: La1.9Ce0.1CuO4−δ����Ìÿþ(J"£a¤�©êâ¶£b¤8�zê

â(�Ú¢%:)9dÅBTKnØ[Ü(J£ùÚ�¤

,§Tÿþ\���Ã{÷v½°[��Ì�ÿþ"Ù�§�k�d

���\ë�§	Ü�Ä4´Ú\¶Ù�§�©Ú^½5��¶Ùn§ÃÄ

N!�©Ú^å�J±��¶Ùo§zgÿþ�U/¤��:�>§¤õÇ4

$"Ïd§�U^|?1��Ì¢�§7L�6��p°Ýp½5�:�

>ÿþ\"�d§�<ë�UE
Ôn¤ü[P�|��p°Ý:�>ÿþ

\£Xã2.16¤«¤"Tÿþ\æ^ü�attocube�Ø> £�¢yX§Z��ü

��Ý�°[��§X��$Ä���3mm§Z ��$Ä���2.5mm§Ù�

�°Ýþ3æ��?O"ü��Ý�$Ä4�Jp
¢��¤õÇ§�±¢

y3mm��SØÓ �:�:�>Ìÿþ"d	§Ø> £ì�±p°Ý��§

Ø´¦�¬Ú�k»�"�¬nd��]L§4k��ü$
Å��Ä",§

ù«�OÙ��õ§d	�¬��PPMS.Ü�¬÷�ø�l§ü§�¡k¤

j""ÏLW¿�þ±í��ª�±¦§Ýü�2.3K�m§U
÷v�õê�

��¬�ÿþI¦"

UE�¤�§·�|^Tÿþ\?1
NbSe2ü¬�¬�ÿþ"T�¬�

�G(�§4´)n§¿�AO^"~5:�>\N´»�Ù(�§éJÿ

ÑÐ�êâ"Ïd§´�yp°Ýÿþ\5U�n��¬"²L}Á§·�

3NbSe2�¬þ¼�
�~¤����Ì§Xã2.17¤«"ddy²UE��ÿ
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ã 2.16: p°Ý:�>ÿþ\¢Ô9�nã

þ\äkûÐ�Å�½5Ú9½5§U
�¤°[���Ìÿþ"�©�

Ì�(Jþdù�ÿþ\ÿ�"

ã 2.17: NbSe2ü¬�¬½|C§9½§C|��Ì

2.4.3 :::���>>>������ÌÌÌ¢¢¢���

:�>¢��éÑ$ÿþ¢�ó¤õÇ�$§?Û��[!�Õ�Ñk

�U��¢��}"��y¢��¤õÇ§¢��z��L§7L�~c[§

î�Uìö�6§Ú�¦?1"äN¢�Ú½Ú5¿¯�Xeµ
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1�Ù ��ÌïÄnØ�¢�Ä:

1. ��>4

:�>�>4�¦�>>{¦�U�§ù�Uk�~�Ú\>D("�¬

þI���ü�>4§Ï~^Ø�½öÅ���ª">4��L§¥�¦�U

~��¬L¡À/§ZÀL¡´¢�¤õ�'�"

2. ���k

:�>��kÏ~æ^Pt/IrÜ7§Au§W�á�"^;^�'Àbf}

�1cm�m�á�§,�òÙC3�k�þ"2^bf��}á��,�à§�

��¦�U�§âU�y�kkà¦�U["}äL§¥Uf��ká�yä

�(Ñ",�3w�ºe*	§XJ�kØ
k½öÑyõ�kà��/K

Eù�Ú½§��¼�Ð��k"

3. SC�¬Ú�k

^ZÀ�ß\Ñ��þvarnishþ!æ!3�¬�þ§,�r�¬Øþ�§

ò>4�,�àë���¬�þ"ò�k�C�3�¬nþ§�úN!�k�§

¦ÙÅì%C�¬§�Øõål0.5mm�Ê�§,��½�k�"u��¬à

Ú�kà��´ÄéÏ§´Ä�3JÅ��¹"

4. C\PPMSnN

òÿþ\�%ÊÊC\PPMSnNS§¦þ;�?Û-E"�e5ë�£

���ì!>6L!BÏL",�Äí§5¿*	´Ä¦í"Ï~�{´

òPPMSÄ�pý�G�"XJ35min¥±SUÄ�10−5Torr§Ky²ÿþ\

�45ûÐ",��nN¿10 ∼ 30Torr±í§^u9Ïü§"�e52gu�

�´´Ä�~§u�Ø> £ì´Ä�~ó�"��m©ü§§ü§�Ç��

35K/min�m"

5. ����(

|^Ø> £ì���k�ú%C�¬§Ó�i���(>{��"�(

>{â,~��Zî?O��\�ú�N!Ø> £ì§¦(>{~��100î

0±S§,�m©ÿþ��Ì£ÿþ>´�nã�N¹A¤§*	´Äk���

Z¸&Ò§?�ÚN�(>{��§�����|÷¿�&Ò �"(>{¿

����Ð§Ì��´��â&Ò5�ä´ÄI�UYN! £ì"

6. ÿþ

�NÑ�|Ð�&Ò��Ò�±?1C§ÚC|���Ìÿþ"ÿþL§

¥�5¿*	Ì.´Äu)Cz§XJÑyTG¹�9�Ê�ÿþ§S§;�

L¤Å�"

2.4.4 ������ÌÌÌêêêâââ???nnn

Ï~�¹e·������Ìêâ´d[V, I, dI/dV]�¤�Ý
"3[Üê

â�c§Äk�?18�z§�ØK�~��µ"�µ�ØÚ½Xeµ

1. O��~��¬>{RS
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���¬3�~�Ñy>{§¬��Ì� £"3p Øe§�Ø�~�

>{�§���Ì�Ú�~�Ì�ATÜ"Ïd§kµ

(dV/dI)S
(dV/dI)N −RS

= 1 (2.46)

dd§·��±���¬�~�>{RS§d?RS�p Øe�²þ�"

2. |^RS8�z���êâ

i. ���êâ

V ∼ dV/dI (2.47)

du���RS = 0§¤±ÿ��êâ���A(>{�5�"

ii. �~�êâ

V − IRS ∼ dV/dI −RS (2.48)

�~��¬>{Ø�"§Ïd�©êâI��Ø�¬>{�Ü©§��(>{

Ü©�êâ"

iii. ��?n

du�~��Ø�¬Ü©�&Ò�����Ú�~�(>{êâØUî�

�éà§ÏdI����?n§¦�~�Ú���V ∼ dV/dIêâéà"

iv. 8�z

(dV/dI)normalized =
(dV/dI)S

(dV/dI)N −RS

(2.49)

±La1.9Ce0.1CuO4−δ��Ìêâ�~§Ù�©êâÚ8�zêâXã¤«"

ã 2.18: La1.9Ce0.1CuO4−δ��Ìêâ8�z«~"£a¤�~�Ú����©ê

â9�ØRs��(J"£b¤���8�zêâ"
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1�Ù ��ÌïÄnØ�¢�Ä:

êâ8�z�¤�§Ò�±|^BTKnØ?1[Ü"3¢S���Ì[Ü

L§¥§I�é2.3!¥�BTKnØ�Ü©?U§Ì�´Ú\UþP~ÏfØ§

Ù�A�Ôn¹Â�Ä��5Ñ��Ï����k�OâfÆ· [138]"=kµ

E = E − iΓ (2.50)

òª2.50�\ª2.26kµ
u2

0 =
1

2

(
1 +

√
(E − iΓ)2 − |∆|2

E − iΓ

)

ν2
0 =

1

2

(
1−

√
(E − iΓ)2 − |∆|2

E − iΓ

) (2.51)

�âª2.51�òª2.34Ú2.35Ü¿£u0Úν0��Jê§ÏdØ^�ÄUþ��K

¯K§��¦Jê���=�¤�:

A(E) = |a(E)|2 =
u2

0ν
2
0

γ2

B(E) = |b(E)|2 =
(u2

0 − ν2
0)Z2(1 + Z2)

γ2

(2.52)

l|^ª2.39O���>6§2¦�©O��©>�§���8�z§8�

zÏf�:

σ =
1

1 + Z2
(2.53)

8�z��©>��: (
dI

dV

)
norm

=
1

σ

dI

dV
(2.54)

|^ª2.54N!ëê∆!Z!ΓÒ�±[Ü8�z�¢�êâ"
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111nnnÙÙÙ :::���>>>������ÌÌÌ¥¥¥���������������AAA

¢�ÿþØ�;�¬�3�«������y�§XÛ�(«©ù
��

�y�§l¥Jõ�(k^�&E´¢�<
�Ä���":�>ÿþ�Ø~

	§²~¬Ï��¬��!�n���(��)X�.>6�A!9�A!

C��A����y�§ù
y�  Ú�����Ìy��©�q"�Ù

òÌ�?ØXÛ«©�ä��Ì¥����1�"

3.1 ¢��µ

�éuDÚ��Nó§�DÚ��NLyÑ�~´L�y�§X�U

Y [54]!dÅ/pÅ�éé¡5 [53,139]!õ���>5 [123,140]�"ù
y�3��Ì

þÑk����N"'XéudÅ��Nó§÷X!:���B�±*	�"

 >�¸£ZBCP¤"éupÅ��NK�Ó�*	�ZBCPÚ�K Øé¡�$

�£dip¤ [141,142]"õ���N§XMgB2
[143]!FeSe [15]!Li1−xFexOHFeSe [144] �

�*	�õ����Z¸",§ù
��Ìþ�É~y���U5u(«

�.Øn�Úå�����A§X��C��A [145]!�.>6�A [146,147]!

9�A�"§�wå5Ú�DÚ��N�����Ì1��©�q"�(«©

ù
���y�éuïÄ�DÚ��>5Å��©'�"

3.2 �.>6�AnØ�.

3.2.1 ���������BBBNIS(((

31�Ù¥·�ù�n����(�¦(«k��»a � l§Ù¥l��B

>f�²þgd§"3ù«�¹e§>f�BL§¥?u��4�§Øu)?

Û��5-E§vkUþ��"(>{dSharvinúª�Ñ [148]µ

RS =
4lρ

3πa2
, (3.1)

ùpρ�>{Ç§�l−1¤�'§Ïd(>{RSÌ��6u:�>(�AÛ�

�"

b��kÚ�¬�n�7á§=÷vgd>fCqÚ¥/¤�¡Cq§

KRS���
[149]µ

RS =
2h

e2a2k2
F,minτ

, (3.2)

Ù¥kF,min = [kF,m, kF,s]

τ =
4vF,mvF,s

(vF,m + vF,s)
2 . (3.3)

Ù¥kFÚvF ©OL«¤�Å¥Ú¤��Ý"�ImÚs©O��k7áÚ���

¬"
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ã 3.1: (a-b) ;.�:�>��(�.ã§Ù¥(a)L«����NIS(§(b)�

LNIS(�SIS(Gé�." (c)dBTKnØO�¤����NIS(�I(V )A5

�§ù��LAndreev��ÓÌ���/§7�K��BÓÌ���/"

(d)���NIS(�dI/dV (V )�" (e)Maxwell>{RM�I(V )A5�" (f)�

��NIS(�dI/dV (V )�" (g)NIS(�SIS(�I(V )A5�" (h)��(g)�

A�dI/dV (V )�

3.2.2 ������������BBBNIS(((

BTKnØU
éÐ/£ã��(�Ôn5�§�¢�¥·�Ã{�ä¤/

¤�NIS��(´Ä�(���("�l�C½�ua �§(«?u����G

�§d��(>{L«� [150,151]µ

R = RS + Γ

(
l

a

)
RM, (3.4)

Ù¥Γ(l/a)´þ?�1§�X(l/a)�úCz�Ãþj¼ê§RM�Maxwell>{§

ÙL�ª´µ

RM =
ρm(Teff) + ρs(Teff)

4a
. (3.5)

ª¥ρm��k>{Ç§ρs��¬>{Ç§Teff�(«k�§Ýµ

T 2
eff = T 2 +

V 2

4L
, (3.6)

Ï�RS ∼ a−2§RM ∼ a−1§¤±�a���§(>{dRSÌ�§�´�a��

�§RMé(>{�K���"ã3.1 (e)�Ñ
RM�I(V )A5�"ùÚ�

�;.��NI(V )�§7�L«�~7á�I(V )�"�æ^>6ÿþ�

�(I(V )��§RM>{üà�>ØdVMetalÚVSuperconductor�Óû½"�>

6pu��N�.>6�§�~7áÚ��NþLyÑ�5�I(V )�"��
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>6�C�.>6�§��N>{×�eü§RM>{üà�>Ø���×�

eü"��>6�u�.>6�§RM>{�I(V )�=d7áû½"õê�¹

e§duÓ��39�A§I(V )�3ù�«��¬ l�5"d	§ Ø�

O\Úåk�§Ý�þ,§¦���N�.>6�eü§�� Øv±¦�¬

��§¦�.>6�A�N´u)"Ï�.>6�A¦��¬���§RM ×

�O�¿Úå(>{×�Cz"�RM �RS '����§�.>6�AòÚå

�©>��Ñy�é'u" Øé¡�dip�ZBCP§Xã3.1 (f) ¤«"

3.2.3 NIS(((GGGéééSIS(((

k
�¹e§�k¬Êë���¬�¡§d��k��¬/¤�(�@�

´�¬�¬â/¤�((NIS ()�¬âm/¤�((SIS()�Gé§Xã3.1 (b)

¤«"3ù«�/e§·�b½NIS ´���§§�>�A5�dBTKnØ£

ã"�uSIS (§Ù>Ø>6A5�dRSJ �.�Ñ [146,152]µ

VSIS =
2RNIcJ

γ

exp (πγI/IcJ)− 1

exp (πγI/IcJ)
T−1

1

(
1 + Ω2T2

T1

)
, (3.7)

T1 =

∫ 2π

0

dφI0

(
γ sin

(
φ

2

))
exp

(
−γφI

2IcJ

)
, (3.8)

T2 =

∫ 2π

0

dφ sin

(
φ

2

)
I1

(
γ sin

(
φ

2

))
exp

(
−γφI

2IcJ

)
, (3.9)

ª¥I0�I1©O�0�!1�?��l�¼ê§RN �SIS(��~�>{§IcJ��

ÙÅÜ>6����§ëêγÚΩ�L�ªK�γ = hIcJ/ekBTn§Ω = (2eIcJC/~)1/2 Tn§

Tn�S/I/S(�k�§Ý"

SIS(�;.I(V )A5�Xã3.1 (g)¤«"éu��SIS (§��B>6

÷vI < IcJ �§u)�B�âf´Cooperé§�>Ø©ª��¶�I > IcJ�§

¥Ëé��BÅì~f§Oâf��BÅìOr§���C�~7á�B"

3NIS(�SIS(Gé��.¥§o�(>Ø��©>�A5�deª�

Ñµ

V (I) = VNIS + VSISdI/dV (V ) = (dV/dINIS(V ) + dV/dISIS(V ))−1 (3.10)

ÏdI < IcJ�§VNIS��uVSIS§NIS(ÓÌ�/ ¶�I�CIcJ �§VSIS×

�O\§���©>��Ñy�é'u" Øé¡��§Xã3.1 (h)¤

«"��`²�´§��kkàØ
kb§Andreev��3(«¤Ó'�

��§SIS(3$ Ø��SÓâÌ�/ �§�©>��òÑyZBCP"

�Andreev��¤/¤�ZBCPØÓ§duI�>6�uSIS(�.>6�âU

*ÿ�>Ø§w«3IV�þ$ ØNC�3é��Ç§l3dI/dV(V)�

þÑy" Ø¸§�8�z���L2 [146,153]"Ïd3nØþk�U*	�Qk

" >�¸§qk���Z¸Ú�é���©>��",	§SIS(�ý�³

^�e��~7á�O(=SNS()§K>f3S �B�N 2�B�S �L§¥�

Uu)õAndreev��§ù�¬¦��©>�ÌÑy��L2�" >�¸"
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3.3 �.>6�A�����Ì�«©

3.3.1 ���...>>>666���AAA���Andreev������

ã 3.2: �.>6�A�Andreev��" (a)(Li1−xFex)OHFeSe�¬(Tc =

38K)���ÌC§ÿÁ(J§�ý�ã�5Ke�I(V )�§mý�ã

�(Li1−xFex)OHFeSe�¬SEML¡/m" (b)BTK nØO��8�zC§�©

>�Ì§�ã�BTK nØé¢�êâ�[Ü"

·�ÿþ
(Li1−xFex)OHFeSe¬N�¬�C§��Ì§Xã3.2 (a)¤«"�

±wÑ3$§e�3�~r�ZBCP§8�z��p¸�L4§¿��X§Ý,

pÅìü$§¿3T = TcNC��"ù�1�wå5�XAndreev��Ì§�

´§�âBTKnØ§dAndreev��Úå�$ Ø>�Or3" Ø���Ø

¬�L2£Xã3.2 (b)¤«¤"d	§·��[Ü
20K�êâ£�ã3.2 (b) �

ã¤§uy$ ØNCÃ{[Üþ§?�Ú`²Ty�¿Ø´Andreev ��Úå

�"

²L©Û§·�@�ù«y�5u(«GéSIS£SNS¤(Úå��.

>6�A"Äk§T�Av±Úå�u2�ZBCP£�3.2!¤"Ùg§l�¬

�SEML¡/m�±wÑ£�ã3.2 (a)�ã¤§�¬�/Õt"��k�C�¬

�'�N´/¤��fë§l��Ty�"aqù��Ì²~3cÄ��¥

*	� [123]§Ï��õêcÄ�¬Ñ'�´�§N´/¤SIS½SNSfë"�,§

����yâI�(«�*ã�§ù38c6�J±��"
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ã 3.3: �.>6�A�õ�§pÅé¡5" (a-b)(Li1−xFex)OHFeSe���

¬(Tc = 45K)�I(V ) ��C§��Ì(J"(c)(Li1−xFex)OHFeSe�"|�5T

^|e�ÿÁ(J"(d-f)LiTi2O4���¬(Tc = 11.5K)�I(V )��C§!C

^|��Ì(J"

3.3.2 ���...>>>666���AAA���õõõ���������NNN

�õê�~5��N�3õ�1� [79,143,154,155]§'XÜ©cÄ��NX§

�©E1>fUÌÿþ��*	�¤�¡NCΓ:�3���Ç��§3M:

�3>f�� [154,156]"��Ì´Jõõ�'é�kåÃã"3éõNX¥§'

XFeSe [15]§(Li1−xFex)OHFeSe [144]§��Ìÿþ��*	�õ���UY"�´

��5¿�´§d�.>6�AÚå���Ìþ�dip A�k��~�õUY

1�"

ã3.3 (b)�Ñ
(Li1−xFex)OHFeSe���¬�C§��Ì§ÙTc = 45K"

lÙ$§Ì.5w��3ü���UY",c[Jõ�����UYA�§

·�uyÙUY��p�40meV§��Z¸���§Ý�k26K"ddO�

�BCSA�~þ2∆/kBTc ∼ 33§��uBCSnØýó�3.53§¤±ù�A�Ø

��U´��UY"d	§·�uy5T �^|Òv±Ø�ù�A�£Xã3.3
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(c)¤«¤",§¢�ÿ��(Li1−xFex)OHFeSe�¬�þ�.|p�100T [157]"

Ïd§·�@�ùp*	��dipA�5u/¤SIS½SNSfël�)�.>

6�A"§ÝÚ^|éN´Ø�fë���>5§��TA���"

3.3.3 ���...>>>666���AAA���pÅÅÅ������NNN

éupÅ��N§�²T�ÿÀ>��¬����ÌþÑydipÚZBCP"ù


A�3CuxBi2Se3
[141]§Cd3As2

[158]ÚTaAs [159]�NXp¡þk*	�"·�ÿ

þ
LiTi2O4 ��£Tc = 11K¤���Ì§3$§*	��~�q�pÅ���

�Ì1�£Xã3.3 (e)¤«¤"

,§3LiTi2O4�¬þ*	��ù
A�¿ØU8ÏupÅ��>5"n

ØO�L²LiTi2O4´~5�7á§U�þØäkÿÀ5�
[40,41]"d	§Ù§

��Ì [160] Ú'9 [46]¢�y¢LiTi2O4 ´s Å��N"�
?�Úá�ù
A

��5§·�^��NIS(Géü�SIS(�.[ÜLiTi2O4$§��Ìêâ

£�ã3.3 (f)ùÚ�¤§nØ�¢�êâÎÜ�éÐ§`²3LiTi2O4 þ*	�

�dip ÚZBCP A��±8Ïu�.>6�A"

3.3.4 ���...>>>666���AAA���dÅÅÅ������NNN

31�Ù¥·�ù�Ô�zÔ´dÅ��N§3��Ìþ§dÅ��N�;

.A�´÷X!:��ÿþU*	�ZBCP"Ty�5uAndreev��L§u

)3dÅ��Nü�ØÓ� ��UY¼êþ§/¤"U�"TZBCP �±��

u2§E¤éJ«Ou�.>6�A"

ã 3.4: �.>6�A�dÅé¡��N" (a)(c-d)La1.9Ce0.1CuO4−δ���

¬(Tc = 25K)�C§��Ì�" (b)" >�¸¸��§Ý�Czã§�

ã�§Ý1.8Ke�I(V )�

·�ÿþ
La1.9Ce0.1CuO4−δ���¬(Tc = 25K)���Ì£Xã3.4¤«¤§
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*	�²w�ZBCP"3$§«§¢�êâ�±�dÅ�BTKnØéÐ�[Ü

£Xã3.4 (c)¤«¤"��X§Ý�,p§ZBCP ÅìOr§3TcNCwÍO

r§�T > Tc�×�eü£�ã3.4 (b)¤§�p§«�êâÃ{[Üþ£�

ã3.4 (b)¤"XJ´dÅÚå�ZBCP§�X§Ý�,p§���Z5¬Åì~

f§ZBCP�¬ÅìP~§¿3TcNC��"ùp*	��ZBCPw,Ø´d

udÅ�éÚå�§´5u�.>6�A"§Ý�$��.>6�A�f§

ZBCP'��"�X§Ý,p§��Åì�Ø�§�.>6~�§T�AÅìO

r§ÏdZBCPOr"�����§ZBCP��X��"

3.4 Ù§���y�

1. ¦qÀÚ��A�

3�r�>fÀÚfÍÜ�/e§3��Ìþ�±*	�hump/dipA�"

ÏLJ�>fÀÚfÌ¼êα2F (ω)§ÒU����>f�é�'�&E [12–14]"

�;.�XPb§dur�>(ÍÜ§3��ÌþéN´*	�ü�hump§Ù5

uü|(f�ªÚ>f�rÍÜ"3�DÚ��N§XÔ�zÔ [12]!cÄ�

�N [13,14]!LiTi2O4
[161]¥�þ*	�Ty�"�I��Ñ�´¿���Ìþ*

	��hump/dip A�þ5u>fÀÚf�rÍÜ§¢SþTy�éN´3�

�Ì¥�*	�"éõ�ÿ´du(«Ø/ZÀ0§3,�UþNC�3�


¥m��Ñ�§�k�U´þãJ���.>6�AÚå�"Ù;.A�´Ø

Ó��(�±*	�hump/dipA�Ñy3ØÓ�Uþ �"Xã3.5¤«§·�

3La1.9Ce0.1CuO4−δØÓ�¬¥*	��hump/dipA�§§�éA�Uþ �

��ØÓ"

ã 3.5: La1.9Ce0.1CuO4−δ���¬2.5K��Ì"ØÓ�¬humpsÑy� �Ø

Ó"

2. �UY
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ã 3.6: (Li1−xFex)OHFeSe¬N�¬C§9C|��Ì"£a¤§Ý34-30K«mS

��Ì¶£b¤UY�§ÝCz£UY���Z¸¸�éA� �¤¶£c-e¤ØÓ

§ÝeC|��Ì¶£f¤UY�^|�Cz

·�|^^�>�{ÿþ(Li1−xFex)OHFeSe¬N�¬£Tc = 38K¤�§u

yUþºÝ3200meV±þ�UY§¿U*	��ß��Z¸£Xã3.6 (a)¤

«¤"�§Ý,p§�Z¸Åì�Ø�§326K�m��§�$uTc"UY�§

Ý��6�±^BCSnØ[Ü"d	§\|U²wØ��Z¸§�UYA�Ø

Cz£Xã3.6 (c-e)¤«¤"lLy1�5w§ù�UYk�U5uNX�,

«AÏUþºÝ§X¥ÔUY§U��Y�"��k�U´,�Ñ�!�mØ

þ!5½� ØÚå�9�A¤�"aq�y�3Ba1−xNaxFe2As2�¬¥��

*	� [162]"duù«y�éJE§ÏdäN�)�Å�J±)º�Ù§�8

c@�5u������Ì1��U5��"

3. 9�A

3��(�ÿþ¥~~éN´*	�duX�9�AÚå����y�"

�X§Ý,p½^|O�§3p Ø?�X Ø�?�ÚO\dI/dVÌÅì 

l�5�r³§m© eK§¿�§Ý�p§^|��§=Cå© Ø ��

�"ù´du9�A¦�¬����§\ Ø§ÝwÍOp§�¬>{�wÍ

O�"d	§ù« l¿ØUÏL{ü��Ø�¬>{¦�Ì�p Ø�µ

�$§Ì�Ü"aq�y�·�3LiTi2O4 ÚLa0.9Ce0.1CuO4 ü�NX¥þ*

	�L£Xã3.7 ¤«¤"¢Sþ§lã3.7 (a)�±wÑ§�§Ý�~�CTcNC

�Ì�Ly1���c3(Li1−xFex)OHFeSe �¬¥*	��Ì.�~��£�

ã3.2 (a)"ù«9�AÑy� Ø��§�±`²Ù��c(Li1−xFex)OHFeSe�

¬¥*	�9�A´�é�f�"�â�c�?Ø§ù«y�8(u(>{L
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�Úåu9õÇL�"�î��5ùAT´(>{¥�ð�d�>{�Úå�"

ã 3.7: 9�AÚå���Ì�µÉ~"£a¤LiTi2O4��C§��Ì¶£b¤

La0.9Ce0.1CuO4��C|��Ì"

3.5 �Ù�(

�Ù·�Äk?Ø
du�.>6�A����Ì¥����dipÚZBCP

A��ü«�.§=3����Be���(ÚNIS+SIS£SNS¤Gé��

/",�(Ü·�3(Li1−xFex)OHFeSe§LiTi2O4ÚLa1.9Ce0.1CuO4−δNX¥*

	�����y��
?Ø"¿òÙ����Andreev��!õ�!pÅ/dÅ

��N�A5�
«©"��§·�{ü?Ø��Ì¥Ù§�
���y�§

Xhump/dip(�!�UY!p Ø�µ>� eK�"ù�·�8���Ù�

EO��Ì¥��Ú����1�Jø
ë�"
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1oÙ k¬��zÔ��NLiTi2O4É~^{ïÄ

111oooÙÙÙ kkk¬¬¬������zzzÔÔÔ������NNNLiTi2O4ÉÉÉ~~~^̂̂{{{ïïïÄÄÄ

LiTi2O4´î8uy���äkk¬�(���zÔ��N§§���>

5Ì�ÉTi�f�3d>f|�"8cvkp�þ�LiTi2O4ü¬§õ¬�¬ï

ÄL²TNX¥�3�r�>f->f'é"@o´ÄaquÙ§p§��

N§g^/;�Þá3Ù��Å�¥��ü���ÚºLiTi2O4�,��;

.A�´§�Ti�ff¬�¥o¡N�.§Ø|u�§�c^S�Ñy"

ÔÄ!cÄ��á�¥Ï~´»�
�§S�¼��p���=C§Ý"Ï

d§éLiTi2O4��\ïÄl,«¿Âþ`´éÔÄ!cÄ�p§��N��

�k�Ö¿§k|u�¡@£3d>f3��>5¥¤å��^"�ÙXÚïÄ


LiTi2O4��>Ñ$Ú��Ì§�Ñ
TNX1�Ì>f��ã§�«
TN

XE,�g^;�Þá1�"

4.1 ïÄ�µ

1973c§Johnstonuy3Li1+xTi2−xO4á�¥§�x ∈ [0, 1/3]�Ñy��>

5§Ù�pTc��13.7K [35]"¦+1�5�n(ÜMcMillianúªO��LiTi2O4

�>(ÍÜ~êλel−ph = 0.6 [40]§�'9 [46]!^zÇ [39]�Ãã�Ñ�ÍÜ~

êk²wOr§`²TNX�3Ø��Ñ�>f>f'é"Ó�§Ø^�

� [47]!RXIS [163] �Ãã�y¢TNX�3d-d>f'é"�±ýÏù«'é�

U�LiTi2O4��>5�3éX"

d	§é'Ô�zÔ§LiTi2O4´á�(�"��¡§Ti�t2g�pÝ{¿§

>f'é3ù���Äd��7á¥7,�3 [47,164]¶,��¡§n��'

�LiTi2O4 ¥�3Ó�êþ�Ti3+ ÚTi4+lf§�Ti�f¬���o¡NüÙ§

�3���AÛ{�§Ø|u/¤�§g^S [38]"·���g^Þá3Ô�z

Ôp§��¥åX�©���^"¤±§g^;�ÞáéTNX��>5�

K��~��ïÄ",§p�þ�ü¬�¬�"y{N
TNX�ïÄ?§"

CÏ§LiTi2O4p�þ�ü¬���¤õ��Ñ5
[165]§���\�ÔnïÄJ

ø
Ä:"

4.2 ¢�ÿþ

4.2.1 ���¬¬¬���������(((���LLL���

·�|^óÀ-1�È�{3k¬�(�(00l)-MgAl2O4ü¬�.þ)�


p�þ�LiTi2O4ü¬��"3�È�c§òMgAl2O4Ä¡31000◦Ceò»5�

�§¼�²�L¡")�æ^Li4Ti5O12õ¬qá")�L§Ä�ëêXeµ-

1ªÇ4HZ§-1Uþ1.5J/cm2§�È§Ý700◦C§�È�¤��¬²Lg,ü

§e%"·�|^XRDL�
�¬�þ"lXRD θ − 2θ×£�±w�c¶��

²w�û�¸£Xã4.1 (a)¤«¤§`²·���¬(¢´	ò)��",	§
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·��?1
ϕ�×£§�±w���¡Sk²w�oé¡5£Xã4.1 (b)¤

«¤§`²��¡S��ûÐ"

ã 4.1: LiTi2O4��XRD(J"£a¤θ − 2θ×£¶£b¤ϕ�×£

4.2.2 ���¬¬¬ÿÿÿþþþ

·�|^b	1�Ú�lf�¡Eâò�¬�¡¤IO�>Ñ$ÿþx´§

Xã4.2¤«"

ã 4.2: >Ñ$ÿþx´"�Ú«���¬§fÚ«���.

i. RT��ÿþ

3vk	\^|��¹e§3A!Bü:Ï>6I§ÿþC!Dü:�>

ØVCD"Ï~�¹e·�¬ÏL\�����>65�Ødu�>>{�5�

K�"dd���¬>{L�ª�:

RCD =
VCD
I

(4.1)

T�{¤ÿ��>{�î�>{§�Ù>{Ç�ρxx§C!D�mål�lCD§�

�þÝ�d§°Ý�w§Kk:

RCD = ρxx
lCD
dw

(4.2)
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=kµ

ρxx =
dwRCD

lCD
=
dwVCD
IlCD

(4.3)

lB�±���¬>{Ç�§ÝCz�'X"

ii. ^{�ÿþ

�½§Ý§\R�u�¬L¡�^|§UC^|5ÿþ�¬î�>{Ç�

Cz"����©O\^|§òÿ����\�²þ§=µ

ρxx =
ρ+
xx + ρ−xx

2
(4.4)

Ù¥§ρ+
xx��^|eÿ��î�>{Ç§ρ

−
xx�K^|eÿ��î�>{Ç"d

uÿþL§¥¿ØU�y�K^|���éA§¤±I�éêâ?1��?n§

¦�K^|eÿ��êâ��éA"

iii. =�^{�ÿþ

ò�¬ab¡²1u^|��§7�¬c¶^=§ÿþ�¬>{��Ý�Cz

��=�^{£Xã4.3¤«¤"

ã 4.3: =�^{ÿþ«¿ã"^|�>6��Y��θ§l0�360ÝCz"

iv. :�>ÿþ

:�>ÿþæ^Pt/Ir�k"�kR�u�¬ab¡��%C�¬L¡/¤�

�(§äNÿþ�{31�Ù¥®²�[0�§ùpØ20�"

¤kÿþþ3PPMS-14XÚ¥�¤§ÿþ§Ý��2-300K§^|��0-

14T"

4.3 ¢�(J

4.3.1 R-T���

·�ÿþ
ü��¬�R-T�§¦�äk�Ó�Tc£11.5K¤§��{>

{ÇØÓ£Xã4.4¤«¤"�{>{Ç½Â�

RRR ≡ ρ300K

ρTc
(4.5)

�{>{Ç�p�A������¬�X§=,���"lTc�Ó�{>{

ÇØÓ·��±�äü��¬¥���Ñ´LiTi2O4�X�§�´Ï�,�"�

¹þØÓâ��
ØÓ��{>{Ç"
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ã 4.4: LiTi2O4�¬�R-T�"�¬1£ùÚ�¤�{>{Ç�3§�¬2£ç

Ú�¤�{>{Ç�6.25. �Ú¢�´¤��N�.[Ü(J"

·�^¤��N�.>{ÇT2úª?1
[Ü"[Üúª�µ

ρ = ρ0 + aT 2 (4.6)

[Ü�±wÑ3100K±e§LiTi2O4NX'�ÎÜ¤��N1�§3�CTc�

Ñy
��� l"�é¤��N�.[Ü�>{Ç§¢�ÿþ� �§Kk

�U�$§e�>f->f'ék'§�8c6�vk(��yâ"d	§·

�UC^|l0T�14T§ÿþ
ØÓ§Ýe�R-T�£Xã4.5 (a)¤«¤§3

^|�Ø�e§TcÅìü$"·�^�~�>{Rn�90%Ú50%½Â
þ�.

|Hc2§¿|^G-LnØ�þ�.|úª [166]:

Hc2 = Hc2(0)

[
1−

(
T
Tc

)2
]

[
1 +

(
T
Tc

)2
] (4.7)

?1
[Ü"��(JXã4.5 (b)¤«"�ì50%Rn[Ü���þ�.|�

�18T"

4.3.2 ^̂̂>>>{{{

LiTi2O4NXLyÑ�©AO�^{1�§Ñy
K^{��^{�=C§

��^{LyÑ²w���É5§K^{Kªu��Ó5"·�éØÓ�

��^{?1
ÿþ£Xã4.6 (a-c)¤«¤"ÿþ(Jw«µ�^|R�u¡
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ã 4.5: ØÓ^|eR-T��þ�.|Hc2

S�§350K±eLyÑ²w��^{�A§350K±þKÑyK^{£X

ã4.6 (d)¤«¤"�^{�^|²�¤�'§K^{KLyÑ�51�"ò^

|�7TØÓ��ÿþ�î�>{Ç�êâ�Ñ§�±wÑ§350K±eLyÑ

²w���É5§�∆ρxx(B ⊥ ab) > ∆ρxx(B ⊥ I) > ∆ρxx(B ‖ I)§350K±

þKªu��Ó5£Xã4.6 (e) ¤«¤"

ã 4.6: ^{ÿþ«¿ã�^{ÿþ(J"£a¤^|R�uab¡¶£b¤^|²1

uab¡R�u>6¶£c¤^|²1uab¡²1u>6¶£d¤^|R�uab¡^

{¶£e¤B=7T�§ØÓ��^{"

53



Äu��ÌEâ&¢�~5��>f��ã

4.3.3 ===���^̂̂{{{

=�^{ÿþU
���NÑ�¬¡S^{���É5"ÿþ(Jw«§

�¬�~�^>{Ly�é¡5§¿��X§Ý�,p§^{��ÌÅì~

f§¿350K�¬u)âC§3100K���£Xã4.7¤«¤"

ã 4.7: =�^{ÿþ(J"£a¤ØÓ§Ýe^{��Ý�Cz¶£b¤�5r

Ý�§Ý�Cz"

4.3.4 :::���>>>������ÌÌÌ

·�ÿþ
�X�§ÝÚ^|e���Ì§$§e�±w�²w����

Z¸§¿��~��µ����p ØêâÜéÐ§�±y²¢�(Jý¢

��"Ü©¢�(JXã4.8¤«"

ã 4.8: LiTi2O4���©>�� Ø�'X"£�~���¬>{RS®��Ø¤"

�ã�T=2K�p Ø��S��©>��"
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·�©O^BTKnØÚVÏ��.[Ü
·��¢�(J"Ù¥BTKnØ

31�Ù¥®�[0�§ùpØ2E"VÏ�nØ´3BTKnØ3Ä:þ§

�Ä^|Ú\��B>��üÜ©�z§=^Ï�f��~�ÚÙ§Ü©��

�� [167]"^|��^ÏOõ§¦��~�>��zO�"ùp¿Ø�Ä^|é

����K�"VÏ��.�©>��L�ª�µ

G = hαGN + (1− hα)GS (4.8)

Ù¥§h = H/Hc2 8�z��§kµ

G

GN

= hα + (1− hα)
GS

GN

(4.9)

dd§3[ÜL§¥õÑ��[Üëêα§§UNyÑ^|é�~��K�§

Ý"

i. "|e[Ü(J

Ã^|§Ý32∼10.5K LiTi2O4����Ì[Ü(JXã4.9 (a)¤«"

ã 4.9: LiTi2O4����Ì[Ü(J"£a¤"|C§��Ì�[Ü(J§ç:

L«¢�êâ§ùÚ¢�L«[Ü�¶£b¤T=2K, B=0∼9T 8�zêâ£ç

:¤§BTKnØ[Ü£ùÚ¢�¤§VÏ��.[Ü£$ÉÚ¢�¤¶£c¤T=6K,

B=0∼7T8�zêâ£ç:¤§BTKnØ[Ü£ùÚ¢�¤§VÏ��.[Ü

£$ÉÚ¢�¤¶£d¤LiTi2O4��UY�X§Ý�Cz¶£e¤��UY�^|�

'X"çÚ�%�¬!o>/!�n��BTKnØ[Ü(J¶$ÉÚ�i!(

Ò�VÏ��.[Ü(J¶£f¤" >��^|�Cz"çÚ�%�¬Úo>

/´¢�êâ"ùÚ¢���5[Ü(J"
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lã¥�±wÑ¢�ÚnØÄ���§[Ü�éÐ"�â[Ü�(J§(

½LiTi2O4��UY�X§Ý�CzXã4.9 (d)¤«§ã¥^BCSnØ?1
[

Ü"�±wÑ§LiTi2O4UYÎÜBCS ��N�A5§Ù2∆0/kBTc ≈ 4§áu¥

�ÍÜrÝ��N"�dcAndreev��ÿþ(J�� [44]"[ÜëêØÚZÄ�

Ø�§Ý�UCUC£Xã4.10 (a,b)¤«¤§`²(«Ã²w9�A!,�Ñ

��"

ã 4.10: [ÜëêΓÚZ�§ÝÚ^|�Cz

ii. ^|e[Ü(J

^|e��Ìêâ©O^BTKnØÚVÏ��.?1
[Ü§[Ü(JX

ã4.9 (b,c)¤«§ü��.Ñ�Ñ
'�Ð�[Ü(J"Ù¥§VÏ��.¥

�
α=2"ü��.þ�Ñ
��UY�^|²���5�6'XXã4.9 (e)"

duVÏ��.¥^|�é�~�å�^§Ïd����5�6'XØäk

�?Ø5"·�ò3e�!:?ØBTKnØ[Ü���^|���UY�

'X",	§·��â[Ü���ëêO�
" >�£ZBC¤"|^ª2.39§

�Z→∞§òÙ§ëê�\O�" >�Xã4.9 (f)¤«"" >��^|�C

zÏ~�A
^|���^Ï�ÝO��ª³"Ï~�¹e§sÅ��N" >

�LyÑ�^|��5�6'X§éu�MgB2ù��V���N
[135]ÚdÅé

¡���N [168]KLyÑ��5�1�"Ïd l�5�ZBC Ï~�NÑ�~

5�é¡5½UY"[ÜëêØÚZ�§ÝCzXã4.10 (c,d)¤«"^|eBTK

nØ���[ÜëêØ�^|O\O\§3�½§Ý�N
^|�����

5Ñ�Or"��5¿�´§|^VÏ��.���[ÜëêΓØ�^|Cz§

�±n)�^|�^¦^Ï�ÝO�§�ZBC©Û(J��"

4.4 ©Û�?Ø

4.4.1 LiTi2O4���������'''ÔÔÔnnnëëëþþþ���OOO���

i. O�²þgd§
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lî�>{ÇÑu§|^ü��.§�±O�HallXêRH :

ρxy = RHB (4.10)

2|^RH = 1
ne
§�±��16fßÝ",�|^¥.¤�¡Cq:

kF = (3nπ2)1/3 (4.11)

�±��¤�Å¥kF§2|^Drude�.:

ρ0 =
~kF
ne2l

(4.12)

��16f²þgd§l"

ii. O�¤�¡NC��Ý

lþ�.|Hc2Ñu§�âG-LnØ:

ξGL =

(
Φ0

2π

)1/2

(4.13)

�±��GL�Z�ÝξGL§2�âWHHnØ3dirty limit§k:

ξGL =
0.855× (ξBCSl)

1/2(
1− T

Tc

)1/2
(4.14)

�±��BCS�Z�ÝξBCS§2�âBCSnØ:

ξBCS = ~vF/π∆ (4.15)

�±��¤��ÝvF§2|^vF = ~kF/m∗§��k��þ§��|^:

N(EF ) =
V m∗kF
π2~2

(4.16)

�±��¤�¡NC���Ý"

iii. �'ÔnþO�(J

òO�(JÚ�c(J?1'�§XL4.1¤«"dc�Ü©êâ´l^z

Ú$§'9ÿþõ¬�¬��"·��êâl���Ñ$ÿþ��§�±w

Ñ�Ü©êâÚ�c�(JÑ'���§,��¡§>Ñ$(Ü��Ìÿþ�

U�Ñ�cÃ{���Ônþ"

L4.1 LiTi2O4���'ÔnþO�(J9��cïÄ(J�'�

* Tc(K) ∆(meV) ξBCS(nm) ξGL(nm) n(cm−3) m∗/m0 l(nm) vF (m/s) N(EF )

Present 11 1.93 14.9 4.47 3 × 1022 8.11 1.84 1.37 × 105 0.96

Previous 11.5 1.9 [44] - 4.1-4.6 [167] 1.35 × 1022 [39] 9.4 [39] 3.2 [46] - 0.97 [39]
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4.4.2 ∆ ∼ −B2nnnØØØ���...

éuDÚ��Nó§nØýó��UYÚ^|�'X�µ∆2 ∼ −B [169]"

�´§3LiTi2O4NX%*	���UYÚ^|²���6'X"ùÙ¥7,�

3X#�Ôn"·�b�3^|e§¥]é¬u)4z§4z��¥]éU�

z�½�^^5§ù���N�^zÇ���µ

χsuper = χpara + χdia (4.17)

Ù¥χparaL«¥]é4z��z�^^5§χdiaL«��N���|^5"

χpara�´¥]é^Ý�¼ê§ù�^Ýdù�NX¤ké¡ØCþ5�

z"éu��Nó§UY÷vù�NX�é¡5§Ïd�¹UY��Ñ´

ù�NX�é¡ØCþ"1��∆ · ∆§´~þ¶1���∆ · B¶XJN
X¥�3é¡5»"�S§K¬Ú\1n�é¡ØCþ�∆ · b"3�.:§
∆0Ì�d1��5�z"·��±ò^^��¤gCþ∆ · bÚ∆ · B��¼§
=χpara(∆ · b,∆ ·B)"3�C:NC��VÐm§k:

χpara(∆·b,∆·B) = χpara(0, 0)+χ
′

para(0, 0)(∆·b)+χ
′

para(0, 0)(∆·B)+Oh (4.18)

��G-L�?�CnØ§·��±�Ñ3ù«�/e�gdUL�ª�:

F (∆) = α(∆ · ∆) + β(∆ · ∆)2 + M ·B (4.19)

Ù¥

M = χsuperB (4.20)

éáª4.17§4.18Ú4.20§�\ª4.19�µ

F (∆) = α(∆ · ∆) + 2δ∆ · b)(B ·B) + µ(B ·B) +Oh (4.21)

égdUC©4�§·��±��'uSëþ∆ = (∆ · ∆)1/2��ª�:

α∆ + 2β∆3 = ±δB2 (4.22)

¦)ª4.22�µ

∆(B) = ∆0 − δbB2/2|α| (4.23)

Ù¥

∆(0) = ∆(B = 0) = (−α/2β)1/2 (4.24)

4.4.3 ������ÉÉÉ555���^̂̂{{{���åååÏÏÏ

3äN?Ø�^{�c§·�küØ
Ù¦Ï��K�"Äk´CDW§§

´>Ö�Ý3�m±Ï5©Ù��«�-u�ª"Ï~´d>f-(fÍÜ�r

Úå"ù«�p�^u)3Q=2kF�(f�>f�m§§Ýü$§ù«�ª

�(fªÇÅìü$§�du(f´ÀÚf§3$§e¬u)÷*Óâ�y�"
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ù«÷*Óâd¬��±Ï5ÆC¤wyÑ5§Ó��)CDW"·�ÏLÿþ

C§XRD�±��¬�~ê�§Ý´Äu)UCl�±��´ÄkCDW�

3"·�ÿÁ
LiTi2O4�¬�C§XRD§uy¬�~ê¿vku)²w�UC

£Xã4.11¤«¤§Ïd·��±üØCDW�K�"�uCDW��3é^{�.

¬k�oK��k�?�Ú�ïÄ"

ã 4.11: C§XRDÿþ(J"£a¤û�¸ ��§ÝCz¶£b¤¬�~ê�§

Ý�'X"

Ùg§·�üØ
¬â>.Ñ��K�"�âÑ$ÿþ�±��16f�

²þgd§�V�1.84nm§��ü������§¬â���uù�ºÝ"

Ñ$5��16fgd§���'§§���N
16fÑ�u)��mºÝ"

éuù�á�gd§§¬â>.Ñ�Ø��U´éÑ$5�å'�K��Ñ

�"

üØ±þü�Ï���·�5äN©ÛLiTi2O4350K±eLyÑ�^{�

åÏ"é^|�)�A´XÚ�^Ý§^Ý�Ly/ªÏ~kµ;�^Ý!g

^^Ý!g^;�ÍÜ�)�o^Ý"(ÜU�O�(J [40]§·���Ti�f

�t2g;�éLiTi2O4NX�)
��K�"�d§·�Äk5?Ø�ed;�

��'5�"d;�´��5{¿�;�§3l¡N¬N|¥¬u)3�£X

ã4.12¤«¤"

éuLiTi2O4NXó§U�O�
[40]ÚNMR¢� [47]Ñ®²�ydu� �

)�¬N|��Ti�fd;�3��egÚt2g"¤�¡ ut2g;�þ"t2gäkn

{¿§�Äg^gdÝKäk8��U�Óâ�"dLiTi2O4�zÆª��§�

�Ti �#N��>fW¿§½öØW¿§ùÒ��
Ti�f3LiTi2O4NX¥

±+3d½+4d/ª�3"�âHont½K§>fW¿�ÌXe5Kµ£1¤Äk�

yS ��¶£2¤S ����±L��¶£3¤W¿êþ�u�÷�§J = L+S¶�

u�÷�§J = L-S"�âù�½K§>fo´`kW¿3g^Ú;��Äþ�

���"¦+¦�Uþ��"éuLiTi2O4ó§Ti�f�k��>fW¿§�
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ã 4.12: d;�A�9Ù3l¡N¬N|e3�«¿ã

Ä>f->f�m�'é§¤±'�N´/¤;�kS§�(��`´;��'

�"Ï�d?·�Ã{(½´Ä�3�§;�S"3ùp§E¤�^{�Uk

ü«�¹µ£1¤á§c^5;�S"^|ÚåU??�Ú3�§c^5Or§

��ë�Ñ$�Ï�~�§�Ñ�AÇOp§>{O�"£2¤�§�c^;�

S"O\^|¦����Þá�Ø�§�,����ÞáOr§o��Jk�

UO�>{E¤�^{ [170]"§ÝO\§9ÞáO�§»�;�S§�^{�

Aü$§��É5§Ý���ü$"3ùpI�?�Ú?Ø�´§;�S�.

´�§�´á§�"XJ´�§S§@�^{�K^{=C´ÄAT´ØëY

� [170]ºd	Ti�f� f´Ä¬��;��c^S¥yÚ^(�ºù
¯KÑ

k�u?�ÚïÄ"ÃØN�§3TNX¥(¢�3���;�gdÝ�'�

gué¡5»"§�ÐU
n))º∆ ∼ −B2nØ�.¥Ú\�é¡5»"¥

þ§l?�Ú`²T;��'�4k�U������"Ó�§=�^{�

�é¡5�HA)"

ã 4.13: LiTi2O4(�¥Ti�f©Ù� �

4.4.4 ������ÓÓÓ555KKK^̂̂{{{���åååÏÏÏ

3?ØK^{�A�c§·�üØ
�§�c^S�K�"Ì�Äu±e

ü��Ïµ£1¤�§�c^S����^{�K^{�=CÏ~´ØëY�a
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C [170]¶£2¤LiTi2O4�Ti�f��ü�§��¹��êþ�Ti +3 ÚTi+4§ù�

�(��3�r�^{�¿Ø|u/¤�§�c^S [38]£Xã4.13¤«¤"

l^zÇÿþ�±wÑ§LiTi2O43100K±þLy�^^5§3100K±e

 lCurie-Weiss1�£Xã4.14¤«¤"�âCurie-Weiss½Æµ

χ =
C

T − Tc
(4.25)

Ù¥Tc�^5=C§Ý§�Tc > 0�§NX�c^½^^§�Tc < 0�§NX

��c^"

ã 4.14: LiTi2O4^zÇ�ê�§Ý�'X"ùÚ����¢�êâ§�Ú�¢

���5[Ü(J

�âLiTi2O4^zÇ�ê�5[Ü�(J§3ü§�L§¥§LiTi2O4ªu

�c^ü�"Ïd�X§Ý�ü$§�U¬ÑyÛ���c^�.�g^Þá"

�Ò´g^¿Ø´î��Uì�c^Sü�§´3§��:þÑyÞá§ù

«Þá¬O\16f�Ñ��¡§l��>{O\"Û��ÞáØÓu�§

S§3^|�^eéN´�Ø�§l¦Ñ�~f§>{ü$§ÑyK^{"

Xã4.15¤«§�Ú«��LÞá¥%§\^|Ø�Þá§T«�~�§Ñ�A

Çü$§>{~�"

,	§�ØüØg^;�ÍÜ�A��K^{"g^;�ÍÜ¿�Xg^

Ú;��gdÝü$§l,��¡ùKéAX��Ý�ü$§ddu)Ñ��

AÇO�"Ïd§ùpg^;�ÍÜ��^Ó�´O�Ñ��¡§/¤Û��

Ñ�¥%§O�>{"O\^|§��g^;�òÍÜ§l~�Ñ��¡§

~�>{§ÑyK^{�A"

4.5 �Ù�(

·�^óÀ-1�È�{3MgAl2O4Ä¡þ	ò)�
p�þ�LiTi2O4ü

¬��",�|^���¬mÐ
�[�>^Ñ$Ú��Ì�ïÄ"3�~
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ã 4.15: g^Þá«¿ã

�§^{ÿþw«§350K±þ§LyÑ�C��Ó5�K^{§350K±

e§KLyÑ²w���É5�^{"�Ý�6�¡S^{LyÑ²w��

5§��5�rÝ350K�m�3��aC"·�^DÚ�:�>�{ÿþ


LiTi2O4��ØÓ§ÝÚ^|e���Ì",�^BTKnØ?1
[Ü"[Ü

���UY�§Ý'X'�ÎÜBCSnØ§2∆0/kBTc ≈ 4§áu¥�rÝÍÜ

���N"d	·��uy
UY�^|²��54~"

�â±þ�ïÄ§·��±��ù��Ì�ã£Xã4.16¤«¤"311.5K±

e�BCS���§,p§Ý§;�Sm©å�Ì��^§350K±þ§g^Þá

m©wyÑ5§3100K�Þá����"3���*	��Y�^|²��6

'Xåu;��'�Úå�é¡5»"§¦�~�Ú����É~1���

Ú�)º§Ó��V«X;���������U5"'u;�������

�p�^Å���?�ÚïÄ"

ã 4.16: LiTi2O4>f��ã
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1ÊÙ k¬��zÔ��NLiTi2O4��É5>(ÍÜïÄ

111ÊÊÊÙÙÙ kkk¬¬¬������zzzÔÔÔ������NNNLiTi2O4������ÉÉÉ555>>>(((ÍÍÍÜÜÜïïïÄÄÄ

BCSnØ�{)º
DÚ��N��>55u>(ÍÜ§3Pb§Nb3Sn�

r>(ÍÜá���Ìÿþ¥��*ÿ��(f��Ñ
�\kå�y

â [171,172]"Ïd§��Ì¥*ÿ��ÀÚ�������é�ÄÏ3Ô�z

ÔÚcÄ��¥��2�ïÄ"�õê¢�|±LiTi2O4���>(fÅ�§

,3�c[001]������¬��Ìÿþ¥¿vk*ÿ�(f�"¢S

þ§�õêNXÀÚ�&Òéf§éJ�*ÿ�"-<a�#Û�´§·�

3[110]Ú[111]����¬þ%�ß/*ÿ�
ÀÚ�§Ù�y¢´(f�"�

ÙÒLiTi2O4¥*ÿ����É5>(ÍÜÐm
�[�?Ø"

5.1 ïÄ�µ

��8c����uy�k¬��zÔ��N§LiTi2O4Úå
<��2

�'5"'9 [46]!��Ì [44,160]!1�5�nO� [40]Ñ|±§´��¥�r

Ý>(ÍÜ�BCS��N",§3�~�§LiTi2O4%LyÑ9ÙE,�1

�"Or�ÍÜ~êL²TNX�3Ø��À�d-d>f'é [39,46,47,163]"{�

�Ti�f¬�L²TNXØ�3^��§S [38]§�K^{�=Cq�«ÑTN

X350K±þ�3E,�g^;�Þá§350K±e�3;��'� [160]"@

o§;��'�åÏXÛ§éTNX���Ú�~�5�q¬�)N��K�º

��G�Ô�zÔÚcÄ��NØÓ§LiTi2O4�á�(�"�?�ÚïÄTN

XA5§k7�&¢ÙØÓ���¤�¡ÿÀ9Ù�U�3���É5>f'

é&E"ÏL3ØÓ�.þ)�ØÓ���LiTi2O4���·�&¢ÙØÓ��

�>f�&EJø
�U"

5.2 ¢�ÿþ

5.2.1 ���¬¬¬������

·�3[001]! [110]! [111]���MgAl2O4�.þ|^óÀ-1�È�{)

�
[001]![110]![111]���LiTi2O4��")�^��1oÙ"XRD θ−2θÿ

þw«3n«ØÓ�����¬¥©O�±*ÿ�£001¤!£220¤!£111¤û�

¸§L²�¬��ûÐ">{ÿþw«�¬��=C§Ýþ311KNC§=C

°Ý��0.5K§L²�¬����X§Ã²w,�Ñ�"

5.2.2 ���¬¬¬ÿÿÿþþþ

·�|^p°Ý:�>ÿþ\ÿþ
ØÓ��LiTi2O4�����Ì"ÿþ

\C\PPMSÚ�¥§±¼�$�2K�§ÝÚp�16T�^|"�¬�3x!z�

�£Ä��©O�3mmÚ2.5mm§$§e£Ä°Ý`u0.1µm§U
¢y� 
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õgÿþ"�ká��Pt-IrÜ7§|^;^bf}���"ÿþL§¥§(>

{��50-60Ω§±�y��(3���B«�"

ã 5.1: ØÓ��LiTi2O4��§Ý�6���Ì" (a)§(c)Ú(e) (001)§(110)§

(111)¬¡«¿ã"ùÚ�¥L«O§ÉÚ�¥L«Li§7Ú�¥L«Ti¶

(b)§ (d)Ú(f) [001]! [110]! [111]���LiTi2O4��§Ý�6��©>�

Ì"ùÚÚ7Ú�ÞIÑ
ÀÚ�¤3 �"T∈[2.5K,10K]ÿþ§Ým�

�0.5K§T∈[10K,12K]ÿþ§Ým��0.25K§T∈[12K,14K]ÿþ§Ým��1K§

T∈[14K,34K]ÿþ§Ým��2K"

5.3 ¢�(J

5.3.1 CCC§§§������ÌÌÌ

·�ÿþ
[001]! [110]! [111]���LiTi2O4���:�>��Ì§u

y[001]����¬��c©Ù¥���(JÄ���"3 Ø�2meVNC�

±*	�²w����Z¸§¿3TcNC��£Xã5.1¤",[110]Ú[111]�

��(J%�,ØÓ"Òp Ø�µó§�é[001]����²�"���

ØÓ3u[110]Ú[111]����Ìþ�3eZ��(�§Ù¥'�N´EO�k
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ü�§Ñy3±15mV£h1¤Ú±35mV£h2¤§�K ØÄ�é¡Ñy£Xã5.1

(d),(f)¤«¤"¿�ù
���X§Ý�,pA�wØ�²w£Ä§3Tc±þE

,�ß��§��28K �mâm©Åì��"Ød�	§[111] ���¬���

Ì��&Ò�r§¿��3²w��µØé¡5"ù«��(�3��ÌþÏ

~�¡�ÀÚ�§´�¬¥,«A�ÀÚfÚ>f�p�^�Úå��©>�

�Cz"

ã 5.2: ØÓ��LiTi2O4��^|�6���Ì" (a-c) [110]���¬3§Ý

�2.5K§6K§9K��C|��Ì§^|�p\�16T¶(d-f) [111]���¬3§

Ý�2.5K§6K§9K��C|��Ì"

5.3.2 CCC|||������ÌÌÌ

�
�?�Úá�ÀÚ��åÏ§·�ïÄ
ØÓ�¬C|���

Ì§Xã5.2¤«"�X^|�O\§���Z¸�ÅìØ�§2.5K§Ýe§

�H∼10T�§ü����¬����Z¸A�����§`²T�¬�þ�.

|��10T§ù'Ñ$ÿþ���þ�.|Ñ$"ù�U´Ï��§�Z�^|

»��ÒéJ*ÿ����Z¸§�ù��?u·Ü�§Ñ$þ�¬k^Ï&

Ò��A§¤±Ñ$½Â�þ�.|¬Ñp",	§�'u[111]��§[110]�

65



Äu��ÌEâ&¢�~5��>f��ã

��¬3^|Ø������©ª�3��" Ødip§q���&Ò¿vk�

���§'uù�dip�åÏ8cÿØ�Ù"

ã 5.3: ØÓ��LiTi2O4����Ì�~�Ú���é'"(a,b) [110]���¬

§Ý!^|Ø��������~��Ì����Ì�é'¶(c, d)[111]���

¬§Ý!^|Ø��������~��Ì����Ì�é'"

Ød�	§·�uyÀÚ�é^|4ÙØ¯a§^|p�16T�§ÀÚ�

�,�ß��£Xã5.2 (a)¤«¤"�X^|�O\§ÀÚ���ÌÚUþ 

�þvk²wCz"�
��ß/é'���Ú�~��Ì§·�ò[110]��

Ú[111]���32.5K0T§12K0T§2.5K12(16)T�Ì�Ñ?1é'£Xã5.3¤

«¤"�±wÑ§Ø
$ Ø«�du���Z¸�3����~�Ú���«

O	§Ù{Ü©Ì�A��±��Ü"?�Ú§·���ÀÚ�«�Ì�?

1é'£Xã5.3�ã¤«¤§·�uy�~�Ú����ÀÚ�(��±éÐ

�Ü"

5.3.3 BTK[[[ÜÜÜ

�
¼���UY�§ÝÚ^|��6'X§·�^BTKnØé¢�ê

â?1
[Ü§[Ü(JXã5.4¤«§�±wÑ¢�êâ�[ÜêâbÜé

Ð"äN�êâ?n�{Ú[Ü�{31�Ù¥®²�ã§ùpØ2E"[

ÜëêZ ÚΓÄ��±ØC§`²ÿÁL§¥:�>('�½§?�Úy²
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¢�(J���5"ëêZ ∼ 2.1 − 2.3§`²:�>(3��4���S"d

§Ý�6���Ì[Ü��UY�§Ý�Cz'XXã5.4 (e)¤«"n���

�¬�UY�§Ý�6�þ�±éÐ�^BCSnØ[Ü§�2∆0/kBTc ≈ 4§

��c[001]��(JÄ���" [110]��Ú[111]��UY�^|�Cz'X�

÷v∆(H) ∼ −H2§`²�c3[001]���¬¥uy�;��'�3[110]��

Ú[111]��Ó��3 [160]"

ã 5.4: ØÓ��LiTi2O4����ÌBTK[Ü(J"(a,b) [110]Ú[111]��C§

��Ì[Ü(J¶(c, d)[110]Ú[111]��C|��Ì[Ü(J¶(e) UY�§Ý

��6'X¶(f) UY�^|��6'X
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5.4 ©Û�?Ø

5.4.1 ÀÀÀÚÚÚ���åååÏÏÏ

��Ì¢�¥*	�ÀÚ��åÏéõ§'X(f [171,172]§g^�� [12,13,15]�"

Ï~�¹e§�
?�ÚJ�ÀÚ��&E§I�éÌ�¦�§����Ì§

=d2I/dV 2" [111] ���d2I/dV 2 ÌXã5.5¤«"

ã 5.5: [111] ��LiTi2O4��d
2I/dV 2Ì" (a) [111]���¬2.5K dI/dVÌ¶

(b)[111]���¬2.5K d2I/dV 2Ì¶(c)[111]���¬C§d2I/dV 2 Ì¶(d)[111]�

��¬C|d2I/dV 2Ì"

d2I/dV 2Ìþ�¸Ú��AA�ÀÚf�Uþ"I��Ñ�´ØÓÅnéA

�ÀÚ� �ØÓ"éu�BL§¥��5Ñ�Úå�ÀÚ�Ñy3dI/dVÌ

�þ,÷ [173,174]§éAud2I/dV 2 Ì§K u� Ø�¸�(Ω + ∆)ÚK Ø�

��(−Ω − ∆)§Ù¥Ω�ÀÚfUþ§∆���UY"éuNX>fÀÚf

ÍÜÚå�gU?��A§ÀÚ�Ñy3dI/dVÌ�eü÷§éAud2I/dV 2

Ì§K u� Ø���(Ω + ∆)ÚK Ø�¸�(−Ω − ∆) [175,176]"8c�

�§·�6��Ø��3LiTi2O4NX¥*	��ÀÚ��.5u�oÅ�"

Ïd§·��Ñd2I/dV 2 Ìþ¤k¸Ú�� �±Bu©Û"Xã5.5 (b)¤

«§3[111]���¬þ�±w�3K Ø�3ü�¸©O u-17.6±1meVÚ-

40±1meV§ü��©O u-13.2±1meV Ú-28.8±1meV"Ù3� ØéA��

 u16.4±1meVÚ38.2±1meV§¸ u14.1±1meVÚ28.5±1meV" [110]���

�¬éA�¸Ú�A�3�Ó� �"ù
¸Ú�328K§ÝÚ16T^|e�,

U
�ß��£Xã5.5 (c,d) ¤«¤§�¤3 �3¤ì©EÇ��SwØÑ²

w£Ä"
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3�DÚ��¥§��Ìÿþ²~�±*ÿ�ÀÚ�§õê�@�´g^

���§'X3Pr0.88LaCe0.12CuO4
[12]§Pr2−xCexCuO4−δ

[177]§Ba(Fe1−xCox)2As2
[178]§

LiFeAs [14]ÚBa0.6K0.4Fe2As2
[13]NX¥þkaq���"dg^��Úå�ÀÚ

�Ï~3TcNC��"d	§ù
�ªÏ~÷vΩ/2∆ < 1 [179,180]"Ï�ÀÚ

��Uþ�p¬Úåé�A§»���",§3LiTi2O4NX¥*	��

ÀÚ�3Tc ?�,�ß��"d	§=¦·�À����ÀÚ�UþO�Ñ

�Ω/2∆ = 2.8 > 1"w,§ù
ÀÚ�¿Ø´5ug^��"

L5.1 LiTi2O4(f�ªO�(J9�¥fÿþ�'�

Mode Frequencies(cm−1) E(meV) Neutron results(meV)

A1g 622.4 77.2

Eg 331.3 41.1 44

T2g(1) 532.1 66.0

T2g(2) 472.7 58.6

T2g(3) 422.4 52.4

T1u(1) 561.8 70.0

T1u(2) 396.0 49.1

T1u(3) 376.6 46.7

T1u(4) 279.7 34.7 34.1

A2u(1) 592.9 73.5

A2u(2) 497.3 61.7

Eu(1) 467.5 58.01

Eu(2) 203.8 25.3 26.4

T1g 385.2 47.8

T2u(1) 342.4 42.5

T2u(2) 116.6 14.5 15.4

@o§,�«�U´5u(f"¢Sþ§·�*	��ù
ÀÚ��

A�Uþ�LiTi2O4õ¬�¬¥fÑ�w��Ü©(f�Uþ�©�C
[181]"�


?�Ú�yÙ´Ä5u(f§·�?1
DFT O�"LiTi2O4¬�dü

���|¤§�14��f§�342|(f�§Ù¥§3|(Æ|�ª§39|1

Æ|�ª"·�uy4|(f�§=T2u(2)!Eu(2)!T1u(4)!Eg�ª�Uþ$

u42meV§�L5.1"Ù¥§T2u(2)ÚEu(2)�ª5guTi�f��Ä"T1u(4)�

ª5guTi�fÚLi�f��é�Ä"Eg�ª5u��f��Ä"§��¥§

T2u(2)!Eu(2)ÚEg�ª�Uþ�d
2I/dV 2 Ì*	��¸Ú�� ��~�C"

�±�½3LiTi2O4*	��ÀÚ�=�(f�"

?�Ú§·�I�EOdI/dVÌþ�ù
A�´5u�BL§¥du(

f9Ï���5�B�´>f-(f�p�^Úå�gU?�£�¡J(fL

§¤"3d�c§·�{ü0��eùü«L§�ÔnÅ�"(f9Ï���

5�BL§Ônã�Xã5.6¤«"��k>fUþpu�¬¤�¡�§>f

3�B�L§¥�±ÏL�Ñ��(fl���¬Uþ�$��§�´7L

÷veV > Ω0�TL§â¬Ñy"Ïd3��Ìþ*	����(�  Ñy
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3Ω0 + ∆� �"��k>fUþ$u�¬¤�¡�>f�BL§¥�±�

�±�Ñ��(f���¬§Ó�I�÷v| − eV | > Ω0"3$§�/e§(f

A�Ø�3§¤±éJu)áÂ(f�L§"

ã 5.6: (f9Ï��5�BÔnÅ�"£a¤�k>fUþpu�¬¤�¡�

/¶£b¤�k>fUþ$u�¬¤�¡�/"

éuJ(fL§§Ônã���E,"TL§´DÚ��N¥±(f�x

0Úå>f�é�áÚ³5"3>(fÍÜ�r�§Eliashberg-NambunØ

�±éÐ�£ãdu>f-J(f�p�^Úå���Ìþ���A� [175,176]"

3>(f�^ér�§UY¼êØ2´½�äkUþ�6§3>f�,
(

fÍÜ�r�/�§UY¼ê�?���"UY¼ê÷v��§Xeµ

ξ(ω) = [1− Z(ω)]ω

=

∫ ∞
∆0

dω
′
Re

[
ω
′

(ω′2 −∆′2)1/2

] ∫
dωqα

2(ωq)F (ωq)[Dq(ω
′
+ ω)−Dq(ω

′ − ω)]

ϕ(ω) =

∫ ωc

∆0

dω
′
Re

[
ω
′

(ω′2 −∆′2)1/2

]
×
{∫

dωqα
2(ωq)F (ωq)[Dq(ω

′
+ ω)−Dq(ω

′ − ω)]− Uc
}

(5.1)

Ù¥Z(ω)��~�gU§ϕ(ω)��égU§α2(ωq)F (ωq)�(fUþωq?�k

�(fÌ¼ê§Uc�¥Ô�³§∆0���UY§ωc�(f��ªÇ§Dq(ω) =

1/(ω + ωq − iη+) §∆(ω) = ϕ(ω)/Z(ω)§∆0 = ∆(∆0)"

rÍÜ�/e§���8�z��Ý���µ

NS(ω)

N(0)
= Re

{
|ω|

[ω2 −∆2(ω)]1/2

}
(5.2)

Ù¥N(0)�¤�¡?��Ý"3α2(ωq)F (ωq)®���¹e§ÏLgUS���

{�±ê�¦)��Ý"
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¢Sþ§��Ìþÿ��&Ò´��5�BL§ÚJ(fL§�Ó�^�

(J [26,173,174]§Xã5.7¤«"

ã 5.7: �BL§¥¢(fÚJ(fL§«¿ã [173]

�±^±e�.O��Äùü«L§����B>� [173]"�kÚ�¬�¤

ÚM�îþ�µ

H = H0 +Ht (5.3)

Ù¥
H0 =

∑
p,σ

εTp c
†
p,σcp,σ +

∑
k,σ

εSk c
†
k,σck,σ +

∑
q,µ

ωq,µa
†
q,µaq,µ

+
1√
VS

∑
k,k′ ,σ,µ

αk−k′ ,µc
†
k,σck′ ,σφk−k′ ,µ

(5.4)

3ùp§φq,µ = aq,µ + a†−q,µ

Ht =
1√
VTVS

∑
k,p,σ

Tk,pc
†
k,σcp,σ +H.c. (5.5)

Tk,p = T ek,p +
1

VS

∑
q,µ

T ik,p,q,µαq,µφq,µ +O(φ2
q,µ) (5.6)

Ù¥§T ek,p��5�^£J(fL§¤�BÝ
�§T
i
k,p,q,µ���5�^�BÝ


�"

ü�Ï�é>���z©O�±��µ

σe(U) =
dIe

dU
= −eσ0

∫ ∞
−∞

dωn
′

F (ω + eU)υ̃S(ω) (5.7)

σi(U) = σ0
|ti|2

|te|2ν0
S

∫ ∞
−∞

dωα2F T
tun(eU + ω)υ̃S(ω)nF (ω) (5.8)

Ù¥

α2Ftun(ω)
ν0
S

VS

∑
q,µ

|αq,µ|2δ(ω − ωq,µ) (5.9)
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��5��L§é�B>���z��ti ≈ te/D§Ù�'uë��BL§�l

�>f�A�UþºÝ"ïÄuy§Pb¥J(fL§ÓÌ��^§�Óo>�

�88% [173]"�
?�Ú�ä3LiTi2O4 NX¥�.´@«ÔnL§ÓÌ�§·

�òÙÚPb�1�?1é'"Äk§|^Eliashberg-NambunØ?1gUS�§

�±��Pb�8�z��Ý§Xã5.8 (a)¤«"1�ÚS��UY¼ê�µ

∆(ω) =

{
∆0, ω ≤ ωD

0, ω > ωD
(5.10)

Ù¥ωD��~ªÇ"Ù§S�ëêXL5.2¤«µ

L5.2 Pb8�z��ÝO�S�ëê

∆0(meV) Uc ωc(meV) ωD(meV) η+(meV)

1.42 0.097 32 32 0.1

ÏLUCPbUY���§·��±¼���Ý�UY�üz"�±wÑ�

UY~�§��Ý�þ(f�Åì�$U£Ä§¿�rÝÅì~f"

ã 5.8: PbÚLiTi2O48�z��Ý�'�

3��Ì¢�þ§8�z�©>��'u�¬8�z��Ý§�±L�

�µ

DOSeff =
(dI/dV )S
(dI/dV )N

(5.11)

Ù¥SL«���§NL«�~�"·�ÀJ[111]��2.5KC|���Ì§�~

�^2.5K12T�êâ58�z§^5�[UY~�é8�z��Ý�K�§��
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(JXã5.8 (b)¤«"�±wÑ8�z��A�wØ�(f��&Ò§�Pb�

1���ØÓ"dd·��±�äLiTi2O4NX¥(f�5u��5�BL

§"

@o§��o3TNX¥U
*	�Xdr�(f9Ï��5�B�Aº

�Ä�·�3TNX50K±euy;��'�§TNX¥�U�3;��Or

>(ÍÜ§,8c���vkéÐ�nØ"¢�þ§kïÄö��>ÖØþ

!5 [182]Úg^'é [183]Ñ¬K�>(ÍÜ"'uLiTi2O4NX¥;���>(Í

Ü�'Xk�?�ÚïÄ"

5.4.2 ������ÉÉÉ555>>>(((ÍÍÍÜÜÜåååÏÏÏ

,����'5�¯K´��o3[001]���¬þ*ÿØ�(f�§

3[110]Ú[111]��%�±"Äk§�Ä�U´du�¬��.¬�~ê��

�Úå�"LiTi2O4n�¬�~ê�8.405Å§MgAl2O4�.¬�~ê�8.08Å"

ØÓ���MgAl2O4�.§ÙL¡¬�Ä¥Ø��§E¤�.¡Aå�J�

Ø��"�±�Ä(001)¡¬�~ê���a, b = 0.98a0§3(111) ¡Ä¥Y

�α = 58◦ < 60◦",�|^DFTO�¬�����U�§Xã5.9 (a,b)¤«"

ã 5.9: LiTi2O4U�O�(J�×£ß�>ºã�"(a)�Ä£111¤¡Ä¥Y�

Czα = 58◦ < 60◦��U�¶(b)�Ä(001)¡¬�~ê���a, b = 0.98a0��

U�¶(c)n�¬�Eg�ª-¹�U�Cz¶(d)Eg�ª�Äs�¶(e)LiTi2O4n

�¬�ABF�f©Eã¶(f)LiTi2O4"�¬�ABF�f©Eã"

3�Ä¬����2�Ädu(f-¹Úå�U�Cz�±uy§3[111]�

�þO�Eg�ª-¹ÚåU�wÍCz§3[001]��þA�ØC"L¡þw

q�éÐ�)º
��É5>(ÍÜ�åÏ"�c[�ÄuyU�O�b�¿

ØÎÜ¢�¯¢"·�|^XRDÿþ
n������¬�~ê§XL5.3¤

«"
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L5.3 LiTi2O4ØÓ�����¬¬�~êÿþ(J"¬�~êü �Å§

Software�Ñ�´|^¬N(�O�^��Ñ�(J§Manual�Ñ�´|^Ù

.�û�úª<óO����(J"

Sample [001] [110] [111]

Lattice Constant a b c a b c a b c

Software 9.415 8.466 8.406 8.461 8.397 8.414 8.412 8.373 8.453

Manual 8.414 8.464 8.342 8.469 8.398 8.400 8.414 8.349 8.466

dL5.3��§LiTi2O4¬�(�ÆCþØ�L0.05Å§DFTO��Ä
¬

�2%�ÆC��0.16Å§��uÿþ�"�U¢S�¹�Ä¬�ÆC�Ã{Ú

åU�Xd��Cz"d	§Ï~¬�Aå¬3eZ���SÅìº����

�§·�ÿþ^��¬�þ��200nm§�±�Ñ¬�Aåé�¬�K�"

ã 5.10: (111)¡LiTi2O4/SrTiO3C§��Ì"

�
�?�ÚüØ¬�Aå�K�§·�ÿþ
3[111]��SrTiO3�

.þ)��LiTi2O4��"SrTiO3�¬�~ê�3.905Å§�éuMgAl2O4�.

UÚå���¬�ÆC"ÿþ(JXã5.10¤«"�±wÑ§Ù�3[111]�

�MgAl2O3�.þ)��LiTi2O4���Ì�Ä���§ÀÚ�Ñy� �Ú�

Ìvk²wCz"dd§·��±��üØ´�.Úå���É5>(ÍÜ"

l8cw5§ØÓ���LiTi2O4��¥*	����É5>(ÍÜ4k

�U´��1�"l(�þw§LiÚTi©OÓâo¡N Úl¡N §O�f

�én�(�¬k £ [184]§dd§TNX³7�3Jahn-TellerÆC§ù«�¹

e§Ti-Ol¡NU
�)AÝ�Û= [185]§lÚåU����É5N�"�


�½þ�ïÄù�¯K§3n�(�Ä:þ"·��ÄO�Eg�ª£�ã5.9

(d)¤-¹�O�U�§(JXã5.9 (c)¤«"�±wÑU�(¢�)
��É
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5�Cz"3ΓL��U�ò{¿§3�¤ü^�§ù¬Úå¤�¡NC��

Ý�Cz"3ΓX��U��k�é ��£Ä§¿Ø¬Úå��Ý�Cz"

��5¿�´§ΓL��éA�´(111)¡§ΓX��éA�´(001)¡§ù��

�Ì��É5(J��¬Ü"�?�Ú§·�*	
�¬�×£ß�>º§X

ã5.9 (e,f)¤«§·�uy3TNX¥�3�þ�� �«�"ù
«�7,¬

Úå���Ti-Ol¡NÆC§lOr��É5"Ó����É5>(ÍÜy

�3MgB2
[186]!2H-NbSe2

[187]!�Ç.�,Ô�zÔ [183,188]¥þk*	�"ùÙ

¥´Ä%¹�Ú��Ônã�§���>5k�o'é��·�?�ÚïÄ"

5.5 �Ù�(

·�^óÀ-1�È�{©O3MgAl2O4[001], [110]Ú[111]�.þ)�
p

�þ�LiTi2O4ü¬��§¿mÐ
�[�:�>��ÌïÄ" [110]Ú[111]��

��¬�[001]��3�©>�ÌþLyÑ�~���É"3[110]Ú[111]�¬þ

*	�
²w�humps(�[001]þvk"Ød�	§ù
humpsA���±Y

�ü�Tc±þÚ16 T^|e"

ÀÚ�3[110]Ú[111]���*	�3[001]��%vk`²TNX�3�

�É5�>f'é"d	§ù
ÀÚ�ª�¥fÿ��Ü©(f��~�C§

L²
TNX�3�����É5>(ÍÜ"DFTO�w«¬�ÆCé�§Ý

þK�
>(�p�^"ÆC4k�U5u���Jahn-TellerÆC"d	§

¥�
�TEM��*	�3LiTi2O4���¬¥ÊH�3kS�� §ù³7

Or
Jahn-TellerÆC",��¡§ÀÚ���±Y�����þ§4k�U

¿�X�31n�kSOr
>(ÍÜ§ØüØLiTi2O4NX¥�3aquÙ§

k¬��zÔNX¥¤���>ÖSÚ;�S��U5"Jahn-TellerÆC!>

Ö/;�SÚ��É5�>(ÍÜ�m�'X±9¦�ÚLiTi2O4 ���m�'

Xk�u?�ÚïÄ"
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111888ÙÙÙ >>>fff...ÔÔÔ���zzzÔÔÔ111NNN������Pr2CuO4±δ���~~~���UUUYYYïïïÄÄÄ

'u>f.Ô�zÔ�~�UY�å��±5�3�Æ"Ì�*:kü

�µÙ�´@�§���Ó§´��Þá½ý�é�(J¶Ù�´@�§5

u���	��UY!¿�S!>f->f'é��A">f.Ô�zÔ1N

á�Pr2CuO4guy±5§Ù��>5É�2�?Ø"3TNX¥�8ÿ�k

�~�UY���"�ÙXÚïÄ
Pr2CuO4NX��Ì§�«
TNX�~

�UY�å"

6.1 ïÄ�µ

Ø
��>5±	§Ô�zÔÐyÑ�X��~�É~1�§'X�UY!

�¤��N�"n)ù
1����éuïÄÔ�zÔÅn�'�"3�Ç

.Ô�zÔ¥§�UY�å�3é��Æµ�«*:@�Ù5u��Z

�Cooperé§�k<@�§´Ù§¿�S���"3>f.Ô�zÔ¥*	

�ü�UþºÝ�/�UY0"pU”�UY”£0.2∼0.4eV¤�y²��c^S

k' [78,79,189]§$U”�UY”�U3��Ìÿþ¥*	�§UþºÝ��5meV§

ÙÏ~Ly�" Ødip§Ï�Ù�3�~��*	�§Ï~�¡��~�U

Y [80–83]"

¢Sþ§Úå��Ìþ" Ødip��Ïéõ§X>f->f'é [190]!¥Õ

{l [191]!ÃS7á�âm��[>� [192]!KondoÑ� [193]!Giaever-Zeller ü

Ú�B [194]��"L. Alff�<ÿþ
ØÓ�,�Pr2−xCexCuO4��Ì§¦�u

y��,O\§�~�UY��§Ý��,O\Åìü$"¦�@��~�

UY´���	�¿�S§¿�Ñn:ndµ£1¤��Ì�^|O\ëYü

z§vk?Û,�L²�~�UY´3���Ø����m�§�~�UY

3"|eÒ®²�3"£2¤���Z¸3j�,�N´�Ø�§`²�~�U

YÚ��UY�3¿�"£3¤��ÝÅð�k3�~�UY���£Ø�â¤

á§Ó�`²�~�UY3"|e®²�3 [83]"L. Shan�<ÿþ
ØÓ�,

�Pr1−xLaCexCuO4ÚNd2−xCexCuO4 ��Ì§Ó������Ú^|Ø���

��~��È©Ì�§ÝCz"¦�uy3���Ì�¿ØÅð§È©��

K�",§XJ�ØK�~�Ì�µ§K�{�Ì�Ð÷vBTKnØ�

��(J"Ïd§¦�@��~�UY���UYØ�'"ù«g���Ç.

Ô�zÔ¥�/two gap0ã�Ø*Ü [80]",§Y. Dagan�<@��~�U

Y5u��Þá"¦�ÿþ
ØÓ�,�Pr2−xCexCuO4 ��Ì§½Â"§�

~�UY9Ð°Ì�¢Sk�§ÿþ�~�UYÌÜ��§Ý��~�UY

���§Ý"dd§¦���ØÓ�,�¬�~�UY�m§Ý"¤k�,�

~�UY�m§Ýþpu��=C§Ý"d	§lj�,��Z�,§�~�

UY�m§ÝÄ�ØC§�L�,«§�~�UY�m§Ý���TceüÅ

ìü$ [82]"'uJ��~�UY�m§Ý§���Ñ��:´¢�*	���
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~�UY&Ò�r§Ù�m§ÝnØþù¬�p§Ï��~�UY&ÒrÝ�

§Ý¬ÅìP~§�P~ª³Ä���",§éu�õêÏL��(¢�ÿ

þ���Ì§(>{é¢Sÿþ�&Ò¬ké��K�§(>{�§Ñ�¬O

r§ÿþ�&ÒÒ¬~f"Ïd¬K�J��~�UY�m§Ý�O(5"d

	§>f.Ô�zÔéCe�,Ú�þ�©¯a§�þ�¹þ�Czé�¬5�

kwÍK� [72]"

2008c§Naito�K|¤õ)�ÑT.�X�>f.�,Ô�zÔ1NzÜ

ÔR2CuO4£R = Pr, Sm, Nd, Eu, Gd¤§þLyÑ��>5 [195,196]"8c1>�

�ÿþ3TNX¥¿vkuypU”�UY” [197]",§3TNX¥l���L

�~�UY�ïÄ"TNXÃCe�,�K�§�ïÄ>f.Ô�zÔ�~�U

YåJø
�~Ð�²�"

6.2 ¢�ÿþ

6.2.1 ���¬¬¬������

|^M�{��PrÚCu'~�2:1�M�§ M�¥\\p©fkÅÔ^5

�½PrÚCu§,�LÈK�©f,�§#��¹p©f�M�"òM�Q�

]æ�SiTiO3�.þ§E5-6g§,�3700eý�(�ØkÅÔ",�800e

¿�200Pa�(§¤�"��3400∼500e�m¿�14Pa�Øò»�10min§�

ª������Pr2CuO4��"

6.2.2 ���¬¬¬ÿÿÿþþþ

|^gÌ�O�:�>ÿþ\éØÓ�¬?1
��Ì�ÿþ"ÿþ\C

kü�Atto Cubeúi)��Ø>Ú?ì§©O¢yx��Úz���£Ä§Ù

¥x��1§�3mm§z��1§�2.5mm"�¬� uØ>Ú?ìþ�"�k

�½3�¬��þ�"z��£Ä§¦�¬%C�k§/¤½�:�>"x�

��£Ä¢yõ:ÿþ"ÿþ\oNû�z�$§£ 2 K¤r^|£ 16 T¤²

�§|^DÚ�lock-inEâ§·��±¼�ØÓ§ÝÚ^|��©>�Ì"

6.3 ¢�(J

6.3.1 RT���

�g¢�ÀJÿþ
6��¬§Ù¥5����N§1������¬"¤

k�¬¿§>{þ�u100í"ÿþ�¬�RTXã6.1¤«"Ø
Ø����¬§

Ù§�¬��=C°Ýþ�u3K§y²�¬���'�X"
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ã 6.1: Pr2CuO4�¬>{�§ÝCz�

�âRTÿÁ(J§·�ò��Ìÿþ^�¬�Ä�&EÚOXL6.1¤

«"L¥RRR½Â�R(300K)/R(Tonset
c )§Ø���¬�>{þ�å©:�

OR(Tonset
c )"�±wÑØ���¬'���¬RRR²w��"RRRÏ~�N

NX�ÃSÝ��§3Pr2CuO4NX¥§ò»éN´Ú\�"���ÃS§

Ïd�±`²Ø���¬'���¬äk�õ��"�"

L6.1 ��Ìÿþ^�¬Ä�&EL

�¬?Ò Tonset
c (K) Tc0(K) RRR ¿§>{(Ω)

N1(]44) 0 0 1.95 13.7

S15(]55) 18.08 15.5 5.627 19

S16(]63) 17.67 16.4 4.12 6.3

S17(]64) 19.67 17.8 2.77 14.74

S19(]54) 20.3 19.3 5.564 7.763

S23(]70) 25.3 23.6 5.23 16.678

6.3.2 ���~~~���UUUYYY���ÿÿÿþþþ

·�Äk©OéS15!S19!S23�¬?1
ÿþ§n��¬3���þÿ

��Z¸&Ò£Xã6.2 (a, c, e)¤"|^^|Ø�K����§�±w�3"

 ØNC±7.5mV��S�©>��'p§�~�Ñydip1�£Xã6.2 (b, d,

f)¤«¤"ù��c3Nd2−xCexCuO4!Pr2−xCexCuO4!Pr1−xLaCexCuO4�NX

¥w��1�����§ù«1��A�Ôn´¤�¡NCÜ©��Ý�"�§

�¡��~�UY"
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ã 6.2: Pr2CuO4�¬���9�~��©>�Ì"

�e5éØ����¬N1?1
ÿþ§uy3$§�*	�ér��~�

UY�&Ò§¿��§Ý,pÅìP~£Xã6.3(a)¤«¤"���¬þU*	

�²w��Z¸§�§ÝO\�Z¸Åì~f§¿3Tc?��"3Tc�þ�~

�UY&Ò�©�f½®��£Xã6.3(b-d)¤«¤"

ã 6.3: Pr2CuO4�¬C§�©>�Ì"
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6.3.3 ^̂̂|||ééé���~~~���UUUYYY���KKK���

3$§e\|ÿþ�©>�§�±uy�^|O\§�Z¸�×�Ø�§

Ì.¯�LÞ��~�UY�/£Xã6.4(c)¤«¤"ÃØ���´����

¬§�©>�3p Ø?£10mV¤Ü£Xã6.4(a, b)¤«¤"lã¥�±w

Ñ���Z¸��^|$uþ�.|Hc2"��¡§^|��»����Z5

��¯�Ø��Z¸£1ÊÙ¥®J9¤",��¡§�~�UY��¬�

���&Ò�Ø�§�k�U´�Z¸3$uHc2�Ò����Ï"dc��

�Pr2CuO4�Hc2 ��6T [198]§Pr2−xCexCuO4�Z�,Hc2 �u10 T [97]"éu�

��¬§·��10T ±þ�" Ø>�£ZBC¤§Ä�þ�±ØC"Ø���¬

�^|O\§ZBC�vk?Û�Cz£Xã6.4(d)¤«¤"d	§,§�15K§�

~�UY®²²w~f§,�\|�12T �,vkw�^|é�~�UY�²

wØ�§ù�dc���^|Ø��~�UY�1�Ø�� [199]"

ã 6.4: Pr2CuO4�¬C|�©>�Ì"(a)S15�¬$§�~�Úp§�~��

�Ì¶(b)N1�¬C|��Ì§�ãµ" ØNC��ã¶(c)S23�¬C|��

Ì¶(d)G(30mV)/G(0)�^|�Cz"
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6.3.4 §§§ÝÝÝééé���~~~���UUUYYY���KKK���

·��é'ïÄ
§ÝéØ��Ú���¬�~�UY�K�"�Ø��

�¬aq£Xã6.3(a)¤«¤§���¬3^|Ø��Z¸��§Ñy�~�U

Y§,��±p|��/e,§§�~�UY�²wØ�§�dc3Ù§>f

.Ô�zÔNX¥*	��y�Ä���"�§ÝO\§ZBCÅìO�§�O

�¿vk²w~�§�Ì.l/log V0.Åì=C/V20.§3dL§¥Ã{

O(½Â�~�UY3=�§Ý��£Xã6.5¤«¤"�Ä�§Ý�AÚå�

¤�¼êÐ°éÌ.�K�§·�±2.5K16T�êâ��Ä�êâéÿ��Ì

�¤�Ð°§O�úªXeµ

N(eV, T ) =

∫
N(E, 0)

∂f(E − eV, T )

∂E
dE (6.1)

ã6.5(b)J�L«�Ä¤�Ð°�G(30mV)/G(0)�§Ý�Cz"�±wÑ

¤�Ð°Úå��~�UYØ���u¢�ÿ��"Ïd§¤�Ð°Ø´��

�~�UYØ��Ì��Ï"

ã 6.5: �~�UY�§Ý��6'X"

6.3.5 (((>>>{{{ééé���~~~���UUUYYY���KKK���

3dc>f.Ô�zÔ�~�UY��ÌïÄ¥�Ñ
(>{é�~

�UY�K�"3�����ÌïÄ¥§(>{éÌ.¬kwÍ�K�"�

âBTKnØ§é��>6�z�kü�ÔnL§§Ù���BL§§Ù�

�Andreev��"k�³^��û½ùüÜ©¤Ó�'"3�~���Ìÿþ

¥§³^��Ñ��A�¬éÿþ(JkK�"·�c[ïÄ(>{Czé�

~�UY�K�"3:�>ÿþ¥§¿�IO�oÚ�{§·�ÿþ£´¥�

��>{Ø�>>{	§¢SÌ��¹üÜ©��z§=:

R = Rj +RS (6.2)
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Ù¥Rj�(«>{§RS��¬>{"3���§RS�0§ÃI�Ä"�3�~

�, RS�k��"3Ó�:ÿþ¥§RS��§·�N!ÿþ>{§B�±ï

ÄRjé�~�UY�K�"·�uy�(>{�O\§dip&ÒÅì\�"�


��ß�w«(>{é�~�UY�K�§·�½Â
G(30mV)/G(0)���

~�UYrÝ§T��(>{O��5O\§Ù§���¬ÿþ�(J��N

��£Xã6.6¤«¤",�����¬�~�UY&Ò²w'���¬�r"

I�5¿�´����¬Ã{�Ø�¬>{�K�§¤±ÿ��(>{�'¢

S(>{�§ã6.6(b)¥ÒK«�w«�âRT��������¬(>{½

Â�Ø�"

ã 6.6: �~�UY�(>{�Cz" (a)�(>{Cz��©>�Ì�C

z¶£b¤G(30mV)/G(0)�(>{�Cz"

6.4 ©Û�?Ø

6.4.1 BTK[[[ÜÜÜ

31�Ù¥·�®²�[0�
BTKnØ9[Ü�{§ùpØ2E"I

��Ñ�´~5��N¥§8�z�µÏ~À�$§^|Ø�������ê

â§Ù�§ÝØ�����êâÄ���",éu>f.Ô�zÔó§^

|Ø������3�~�UY§�§ÝØ��������µ��ØÓ"[

Ü�µ�ÀJÏ~é[Ü(J¬ké��K�"·�À�ü«ØÓ��µ©O

?1
[Ü§þU[Ü�éÐ£Xã6.7¤«¤"Ø
Z�±	§Ù§ëêÄ��

±ØC"

nØþù§¢SATÀ���µAT´�ØK�~�UYK�����µ"

L. Shan�<�Ñ�~��µ¬��Ü©16f�È(Ã{ë���§�{�1

6fâUë���§Ïd�K�~�UY��2[Ü´Ün� [80]"
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ã 6.7: S23�¬À�ØÓ�µ[Ü(J"(a)�µÀ��22 K¶(b)�µÀ��2.5

K, 16 T"

6.4.2 Altshuler-Aronov-LeennnØØØ

�
�?�Ún)·�3Pr2CuO4NX*	���~�UY1�§k7�

Äk0�Altshuler-Aronov-LeenØ"éu��NX§ÃSÏ~¬Úåü«�

A [200]µÙ�´��fÛ�z"ÃS¬¦D�>f�� �ZOr§O��Ñ�

AÇ§l~�>�"��fÛ�z¬��>��§Ý�éê�6§Ó��´

K^{�åÏ¶Ù�´>f->f'é�A"�~7á>f�mÉ��>Ö�µ

�¶-§¦>f�m�§�¥Ô�p�^éf§,�NX�3ÃS�§¬�

�¶-³�Øþï§�ÃSp��²þgd§l~���±�¤�Å¥�'[�

�ÿ§=kF l ∼ 1§¬��,
/��3>f->f�m�§�¥Ô'é§lÚ

å¤�¡NC���Ý¬É�²wØ�§ÙÔnã�Xã6.8¤«"

ã 6.8: Altshuler-Aronov-LeenØÔnã�"�Ú¢%�L«lf¢§ùÚ¢�

L«lf¢�)�³|§7Ú¢�L«²L>f¶-�A���¢S³|§ù

Ú¢%�L«>f

B. L. Altshuler�<|^�6{O�
ÃS��>f->f'é�A�>f

��Ý?� [190]§ÙL�ª�:

δN(ε)

N1

=
1

4πεF τ
ln(|ε|τ) ln

∣∣∣∣ ε

(Dκ2)2

∣∣∣∣ (6.3)
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Ù¥δN(ε)�Uþ3ε?��Ý�?�þ§N1�Ã�p�^���Ý§@�´~

ê"εF�¤�U§τ�µþ�m§D�*ÑXê§κ�¶-�Ý��ê"�3�

�¢�¥§�kÚ�¬�mo´¬��z��m§ù��c�¥Ô�p�^Ò

¬=C¤ó4�p�^ [201]§d�I�^ln(2κ∆)�Oln
∣∣∣ ε

(Dκ2)2

∣∣∣§Ù¥∆ �³^

��þÝ"ª6.3�z�:

δN(ε)

N1

=
1

4πεF τ
ln(2κ∆) ln(|ε|τ) (6.4)

3¤�U �§ε=0§��Ý?�þ�ûu 1
4πεF τ

ln(2κ∆)§τÚκþ�NXÚ�

ÃS§Ý§ÃS�r§ù�����"d	³^��þ§T����"éun

��/§��Ý�L�ª�:

N(ε) = N(0)[1 +
√
ε/∆g] (6.5)

Ù¥∆g�'éUY"��NXrÃSXÚ§KI�^EfrosÚShklovskii�n

Ø [202]§��ÝL�ª�:

N(ε) =
α(4πε0k)2ε

e4
(6.6)

Ù¥k��é0>~ê§ε0�ý�0>~ê§α�Ãþj~ê"

3éõNX���¢�¥�*	�þãnØýÏ�(J"V. Y. Butko�<

��
ØÓ�¡>{�Be���§>{��l500î0�2.6Mî0§¿ÿþ
Ù

��Ì§¦�*	��©>�� Ø�'Xléê/ªLÞ��5/ª§��

�A
lfÃS�rÃS�Cz [203]"Ty��3Ni�,�LaCoO3NX¥�*

	� [204]"S. Yoshizawa�<3Si(111)¡)�In�����§¿^STM� ïÄ

Ù��Ì5�§¦�uy3/ZÀ0«��±w�²w����Z¸§3Ã

S���«�§Ì.KC¤AALnØ¤ýó�éê?�/ª(Xã6.8¤«) [205]§

ÃS�A3�*þ��LyÑ5"

ã 6.9: ��In��¢�m�6��Ì [205]
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6.4.3 ¢¢¢���(((JJJ���nnn)))

c©®JÑ'u�~�UYåÌ�kü«�ØµÙ�´���k'§Ù

�´���Ã'"Äk·�5©Û´Ä����'"��Þá½ý�éã��

@�´�~�UY�å [82]">f.Ô�zÔ¥Ï~3j�,«�*	��

�Nernst&Ò�@�´��Þá���§�XTceü§Nernst&Ò��m§Ý

�¬eü§��Þá�U~f"3�Ç.Ô�zÔLa2−xSrxCuO4NX¥^{ 

lB2'X���Þá�'§Ù l§Ý���=C§Ýü$ü$ [206]"Ïd§

éuØ����¬��ÞáATv
f½ö��",·�3Pr2CuO4¥*	

���~�UY�&Ò%¿Ø'���&Òf§�'��r",��¡§^

|A�éJØ��~�UY£Xã6.4(d)¤«¤§Ïd·�@��~�Ø��U

´��Þá��"

Ù§A«�UÚå" Ødip��Ï3ùp��±üØµ¥Ô{lÏ~u)

39ÞáÚþfÞáÑv
$��/e [191]¶ÃS7á�âm�[>�Úå�"

 Ødip�¦�¬3v
ý��«� [192]¶Kondo�A5uÛ�^5�fÑ�§

3Pr2CuO4¥Pr�^Ýé�§Ïd��±üØ [193]¶Giaever-ZellerüÚ�BL§

é^|é¯a [194]§��±üØ"

�âPr2CuO4��Ìÿþ*	��1�§·�@��~�UY5uÃS

p��>f>f'é"åÐ§·�J��~�UYrÝ£±8�zZBC�ï

þIO¤��¬RRR�'X§uyZBCÚRRR��'§@�´��|±ÃSÚ

å�>f->f'é�yâ£Xã6.10¤«¤",c[ïÄuy�3¦:µ£1¤

RRR´��÷*�Ñ$þ§�A�¬��NÃS§Ý§�:�>ÿþ==´Û

��:§¿Ø��U�N�N�¹¶£2¤�~�UY&ÒrÝ�(>{'Xé

�£Xã6.6¤«¤§d?J��ZBC&E5uØÓ�¬�ØÓ(>{§vk

���'5"Ïd§Äu±þü:§T'X¿Ø¤á"

ã 6.10: RRR�6�ZBC
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'u(>{��~�UY�&Òrf�'X§��5¿�´(>{��§

Ñ�¬�î§ù«Ñ�¬��ÿþ&Ò�~f [138]",d?·�%uy�~

�UY&Ò´Or�§�Ò´`ùp�Ñ��A®²Ø´Ì�Ï�"36.4.2!

¥·�®²J�ÃSÚå�>f->f'érÝ¬�³^�O\O\§�ÐÎ

Ü·��¢�(J"�?�Ú§·�|^AALnØé¢�êâ?1
[Ü"3

�½��S§¢�êâ�±[Ü�éÐ£Xã6.11¤«¤"

,§��Ì�~��µÏ~¬É�éõÏ��K�§~XU��>�A

Úå�� ØÚK Ø�Øé¡5 [15]! lWKBCq [207]±9��5Ñ�Úå

��5�µ [208]�"ù
Ï�¬��Ì�38mV±þ l[Ü�"[Ü$ Ø?

£<2mV¤ l[Ü�§ù´du9ÞáÚå [81]"

ã 6.11: ØÓ�¬8�zêâ[Ü(J"(a)N1�¬2.5Kêâ[Ü(J¶(b)S19§

S23§S17§8�zêâ9AAL[Ü(J§Ù¥7Ú¢��[Ü�"�ãµØÓ

�¬[Ü���τÚRRR�m�'X"

Ø
[Ü�	§�k�?�Ú�yâU
| �~�UY>f->f'é�

å"�âAALnØ§>f->f'éÚå���Ý?���Ì��ûuü�Ï

�µÙ�´³^�þÝ§Ù�´ÃS§Ý"éu·�¤ÿþ��¬§Ø���

¬Ï~´duò»Ø
�¬¥í{�þº:�½öLò»��Ô�¡S��"

�§ÃØXÛÑ´ÃS�åÏ§w,�'���¬ÃS§Ýp"l¢�êâ5

w§Ó�(>{�/e§Ø���¬�~�UY��r§Ïd�|±�~�U

Y>f->f'é�åù�(Ø"

6.5 �Ù�(

·�|^p©f9Ï�È��{)�Ñp�þ�Pr2CuO4��§�?�Ú

ïÄÙ>f�&EJø
Ä:"|^:�>�{ÿþ
ØÓTc�¬���Ì§

¿3Ø���¬±9���¬3�Z¸�Ø���þ*	��~�UY"�~

�UYA�Ø�6^|Cz§üØ
��Þá�åÏ"3Pr2CuO4¥*	��
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�~�UY�Ly1���
��ÃS���NX1��~aq§ù`²�~

�UY4k�UåuÃSÚå�>f->f'é�A"nØ�Ñ��fÃSX

Ú>f->f'é¬Úå��Ý�éê?�§é��Ìÿþó§?����û

u³^�þÝÚÃSrÝ"·�*	����(>{�O\§�~�UYrÝ

(¢O\§�'���¬§Ø���¬3Ó�(>{e�~�UYrÝ��"

±þü�¢�yâþ|±�~�UYåuÃSÚå�>f->f'é�A"
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1ÔÙ |Ü-1©få	ò-×£��w�ºéÜXÚ��O��ï

111ÔÔÔÙÙÙ |||ÜÜÜ---111©©©fffååå			òòò-×××£££������www���ºººéééÜÜÜXXXÚÚÚ������OOO���

���ïïï

�Xy�ÔnÆ�×�uÐ§<�éá�5U�¦ØäJp!éá�5�

�ïÄØä�\Ú[z§ùI�á����EâÚÔ5ÿþÃãk�#�â»"

±và�Ôn¥���ïÄ+����'é>fá��~§du>f�m�

'é�A§ùaá�Ï~äk#Û�>f�§~X7á-ý�N=C!p§��

>5!ã^{�A!¤�f!þf�CÚþf�.!¿�SÚõNÜ��"

duõ«kS½öÞá��3§á��Ôn5�é|©�Cz±9§Ý!^|

ÚØå�	.N��~¯a§��ULyÑ�«þf�C½öþf�.y�§

¥yÑE,�õ�>f��ã"Ïd§�ïÄùaá��Ôn5�§I�òp

�þ�¬���Ú°O�ÿþÃã�(Ü"á�ÄÏ|Oy�JÑ�ùa#á

��ïÄ�5
F""�ÙXÚ0�
Äuá�ÄÏ|Ø%Eâ�|Ü-1©

få	ò-×£��w�ºéÜXÚ£Combi-LMBE-STM¤��O��ï"

7.1 ¤ìïu�µ

pÏþ�{�þV60c��JÑ±5É�
2�'5§Ù�¤õA^u

)Ô&EÚ��ó§+�"3á�Ü¤�¡§duÉ�u��k��L�Ãã§

��vk��éÐ�A^",§�Xé#á��I¦�FèO§<���J

p#á�ïu�Ç"�XEâ�ØäuÐ§�A��«L�ÃãÅì�õ"ù

�pÏþ�{3#á�&¢+��í2Jø
éÐ�êÅ"±��á��~§

p��=C§Ý´¢y�5�A^�cJ",§l8cuy���N¥�±

wÑ§p=C§Ý  éAXE,�(�Ú¤©"DÚá�Ü¤Ãã�Ç4$§

®²��Ã{÷v�¦"1995c§�¡À�<Ägò|Ü���g��\p§

��ïÄ§¤õ3�¬2.5cm×2.5cm��.þ)�Ñ1024«|©�¹�XÚk

X�Ô�zÔp§��N [118]"7À�<|^�^�í���{)�Fe-B��N

X|Ü��§¿uy#���á�FeB4
[119]"òpÏþ�{$^�Ïé#.��

á�´7,ª³"

d	§pÏþÜ¤3ÔnïÄ�¡kÙÕA`³"~X§p§�zÔ��

N!�zÔã^{á�!�zÔõc/c>/0>�á�NX�Ô5é�¹þ4

�¯a§X��NX¥z©�A$�Z©�A��¹þUC¬��á�lý�

�C���� [209]"|^pÏþ�{�g5Ü¤õ«�,��¬§du´3Ó�

í¨eÒØ�Ä�¹þ�Ï�é�¬�K��ïÄ�,�A"Cc5§éÔ

�zÔp§��NïÄ���Ø%¯KÒ´��,CzÚå�þfÄ�¿�±

9þf�.�A",§=¦k�©´L��¬��²�§�éJ°(Ü¤¿

E¼�,�þf�.|©§ÄÙ�Ï´TNX�ãE,§J±��8I|©

X�¹þ�4�fCz"ùÒ��ØÓ�K|���(JØ����"|^p
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Ïþ|Ü����{�±°(Ïéþf�.:¤3 �§Ù|©°Ý��´D

Ú�{J±è9�"

8c§ISþPk¤Ù|Ü-1©få	òEâ��[=kF��Pascalú

iÚÖ=TSST£Twente Solid State Technology BV¤úi§§�A�K)
T

a���IS½|"Ïd§½|þäk²£ù���-1©få	òXÚ'~

5óÀ-1�ÈXÚ�B��õ"¤Ù�|Ü-1©få	ò�'�EâÄ�

�ùü[úi�ä"�c�|Ü��ù�EâÑ´ÏL°�Å�Ã±Ï5 E

$Ä¿E 5�¤ö�§Ïd1¤égÄz§Ý�¦�p§?�§SE,¶2¤

�9��E�C�L§§¬E¤\OØ�§lK�|©©Ù°Ý§ùéur

'é>fNX¥�|©¯aÔny�£Xþf�.�A¤�ïÄ´Ø|�¶3¤

�E�ÌÝ\~�ö�§Å�Ü©�Ñ\¯§ü$XÚ½5"cÙ´|^|

Ü-1©få	òEâ��Oo�|Ü���L§¥I�Ó��Nù��ü¶

£Ä!-1Cª!qá±Ï5ú=§é-1ì��¦���Jp
"±þ�Ï

��½§Ýþ��
|Ü	ò��Eâ�í2"d	§é|Ü��Û�>f�

?1� L��ó�ÿ��Ã��"

×£��w�ºÚ×£��Ì£STS¤ÿþEâ´ïÄ�>á��L¡�

f(�ÚÛ�>f���Ãã"ISþ'�k?�û�STM ���&ÿ�

�(§Ý35K NC)��34mm ±e§�û�¤ì�,	��Øv´§3£

Ä���S§Ã{(½�k�é�¬� �",§éuëY|©��5��

ïÄ5`§¢S�ÿþ ���¬|©´��éA�§��
 ��IÒ��


|©�&E"3ù«�¹e§c¡J��û�¤ì�ØvÒ'�âÑ
"

Ïd§Ýº|Ü��)��Ø%Eâ§¢y� �Û�>f�L�äk

���Æ¿ÂÚ¢SA^d�"

7.2 Combi-LMBE-STMXÚ��O

Combi-LMBE-STMXÚÌ�õU´)�ëYFÝ|©|Ü��Úý�� 

$§STM/STSL�"TXÚd¯�?�n!O�n!Combi-LMBEn!�¬¥

=n!STMn!�Àn|¤£Xã7.1¤«¤"�OSN�)µ�¬e!D�Å

�!¤ký�nN!XÚ|e!ó�ü�!$§¶-í!STM×£Þ�"�N

XÚ�O±�¬e�Ø%?1ÐmµÄk�¤�¬e��O§,��â�¬e

�º��O�A�D�Å�§��(½�ý�nN���ÚõU§��[zz

�nN�äNº�Ú"Ü�"z��O�!�m?1c[u�§(��Ü©Ø

�pÀâ"
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ã 7.1: Combi-LMBE-STMXÚ3D�."

7.2.1 DDD������OOO

�¬e���XÚ�¥%§�¬)�ÚSTML�Ñ3�¬eþ�¤"�

¬e��O7L�Äõ�¡�Ï�§�)Fp§£1000�¼Ý±þ¤!F$§

£4.2K�±§Ý¤!ûÐ��>�95!´uD�!°(½ �Ï�"3�Ä�

±þÏ��·�?1
XÚ�¬e��O"3á�ÀJ�¡§·�À^Inconel

690Ü7á�§Ù��¡�ÔnzÆ5U��÷v·���¦"3�O�¡§·

�±OmiconúiIO�¡G�¬e��.?1�O"äN�O�.Ú¢Ô�

ã7.2"du|Ü���¬3Ä¡þØÓ �|©ØÓ§�
�y)�ÚL�L

§¥�¬¤©� �U��éA§ÏdI�î����¬e�½ �§�B·

�I½�¬¤©"·�æ^
n�½ ¥¢y�¬e3)�nÚSTMn�°(

½ "

ã 7.2: �¬e9�¬eY±C��.Ú¢Ô"
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D�Ü©´��XÚÅ�Ü©�'�|¤Ü©"D�Å���OI�l¦

^ö�Ý�ÄÙ´Äö��Bp�"Ø
þã�Ä§·���Ä�XÚò5

��*Ð5§·�æ^
UHVdesignúiû�z�^=� D�:��O£X

ã7.3 (a)¤«¤§Ù�±ÏL� ^=ò�¬D4���n¿"����ål

�760mm§þe²£±25mm§^=�Ý0∼360Ý"¥=næ^UFO.�O£X

ã7.3 (b)¤«¤§XÚ��nN�¥=n�ë"¥=n3ký3��Bò5XÚ

�,?*Ð"

ã 7.3: D�Å��O"(a)^=� D�:�.¶(b)�¬¥=n�.¶(c)/^

=7ê0ª�¬��=£e�.¶(d)Å�Ã�."

3dD�:�Ä:þ§·��O
�ÙoN
/^=7ê0ª�¬��

=£e§Ù�g5�±��8��¬§4��Jp
D��Ç"äN�O�

ã7.2 (c)"�¬��=£ecà�OkU.�§^uD�q"�¬�=£æ
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7.4 XÚNÁ
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