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BCS���ÕÖ���³�×Ø¦§¤£�µ�TC�¶�ÙÚÛ¬Û®«�ÜÝÞ�¥
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2 �1���îïðñ̈÷øùúÊûñ�ü�¥þ�������§����	£³� ́ª
þº������èé¤��¡� ô�¦§�êëìíîïðñ�
þ���́ª����®Å°òó�ùã�ç�̈�����Â¤ªç��������̈��¥��¦����¥ª���î�Ê�î �!"#$ë �î�Ê�î %&ÊÃZBCPÄ̈ç¤�§� '̈(Ò£¤�¦
電
気

抵
抗

絶対温度

電
気

抵
抗

絶対温度)1.1 Hg*+,-.+/01
1.1.2 BCS23

1957©�Badeen,Cooper,Schrieffer�ÈÊ" 45ñ³£���67�ª����ü��æ8�9ùº :	�ÓÔ��3)¦§¤����ª¬;�÷ø��(k ↑)��¡<�� %î��ô�âã�(−k ↓)��¡<�� %î��ô�âã��âã-=ã>?@A�ÞB¥æCº DËFBª§�DEº >?@A��ô¥GCooperä̈HÓÂ¤�§�°���IJ� ��°ÿ�¦K£�âã�õ¡Hamiltonian�L��¡�M9��¦
H =

∑

k,σ

ξkc
†
kσckσ + g

∑

k,k′

c†−k′↓c
†
k′↑ck↑c−k↓ (1.1)



1.1�BN� 3

)1.2OP*,-.QRSTU1

)1.3,-.PVWXY+Z[\



4 �1����]�ªξk = εk − µªεk�âã�÷ø̂_ñ̀&ªµ�Ûaìíîïðñªg�b�9����¦cdefg�A���Hamiltonian�L��¡�hi�¦
H =

∑

kσ

ξkc
†
kσckσ −

∑

k

(

∆c†−k↓c
†
k↑ + h.c.

)

+
∑

k

∆
〈

c†−k↓c
†
k↑

〉

(1.2)

∆ = −g
∑

k′

〈

ck′↑c−k′↓
〉

. (1.3)§§°∆�Cooperä�<øü��äj�ªêëìíîïðñ��é¤�¦§�Hamiltonian�äkÛ���NL�Bogoliubovlm���¦
αk↑ = ukck↑ − vkc

†
−k↓, α

†
−k↓ = ukc

†
−k↓ + v∗kc

†
k↑ (1.4)

u2
k =

1

2

(

1 +
ξk
Ek

)

, |vk|2 =
1

2

(

1 − ξk
Ek

)

, Ek =

√

ξ2k + |∆|2 (1.5)§�nHamiltonian�L��¡� �¦
H = Eg +

∑

k

Ek

(

α†k↑αk↑ + α†−k↓α−k↓
)

(1.6)

Eg =
∑

k

(

2ξk |vk|2 + 2∆ukv
∗
k + ∆

〈

c†−k↓c
†
k↑

〉)

(1.7)§¤£�o�́̂_ñ̀&Ek�∆�́pÂ ����§��°qrª∆¨̂_ñ̀&ð̀És�t��à�§�̈u³�¦α†, α�Fermivwã]³£
〈

α†k↑αk↑
〉

=
〈

α†−k↓α−k↓
〉

=
1

eβEk + 1
(1.8)Ó̈́x�¦§¤�́

〈

ck↑c−k↓
〉

=
∆

2Ek
tanh

βEk
2

(1.9)

∆ = −g
∑

k′

∆

2Ek′
tanh

βEk′

2
(1.10)� �¦§¤�̀ðÉsþyo���ª̂_ñ̀&̀ðÉszÎÏÐÑ�{N���A�£¤�¦

1.1.3|}~����ÙÚÛ«µÐ�����·̧�������Fermißf��(k ↑)��¡<�� %î�àô�âã�(−k ↓)�âã�̈âã�=ã>?@A�ÞB¥ %î���s<ä���ä���FB����BCS�����°:	Â¤����Â¤¥��¦§§°�¡s<ä����ª���IJ�HÓ����l�ª� uáêëìíîïðñ∆(k)<̈�k�þ���£r�9°ÿ�ä���§�°ÿ́ªBCS���õ¡����Ã¬����Ä
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s p d f

SÃ®Ó %îÄ0 1 0 1

LÃ>äk÷øùÄ0 1 2 3�Á��í������1.1�����+��� ¡¢£�¤¥¦§¢̈©ª«¬Q®S,-.+̄°1�ýþº±²³́µ¶èé¤¥��¦�³� ̈£ª1972©·̧́3He�Íi�¹s<·ä���±ºø··̧zªÙÚÛ«µÐ±²³́··̧ª¿�¥��âãÅ·±²³·· ̧'�»¼Â¤¥¹s<·±²³IJ½¶�«¾̈¿�Â¤¥��¦§¤£·±²³́�âãä· %îÀ�ÁÂ�ÁÀ�·ä����ô¥�Ã��§µ̈ÄÅµ �¦̄r %î�ü��IJµ�¥ª®Ó %î̈S = 0·���(ïîÆÇÉû)·IJµS = 1·È��(û�sÇÉû)·IJ½µ�§µ̈ÄÅ°ÿ�¦S = 0·e®ªFermion·ÉmüÊ��́ªËÌÀ�·ä������í�°ÿ�§µ̈ÍÎÂ¤ª>äk÷øùL���°ÿ�¦§·�$s·±²³́µ�¥ªL = 0zL = 2·¶·̈ÿ�¦L = 0·e®�ªs<±²³́µèé¤ªõöÏ·BCS��°:	Â¤�±²³́°ÿ́ª¬±²³́zMgB2 '°æç�¥��¦̄ÐL = 2·e®�ªd<±²³́µèé¤ª1979©�·̧Â¤ÐCeCu2Si2zÙÚÛ«µÐ±²³́°æç�¥��§µ̈�£¤¥��¦�þªS = 1·e®�ËÌÀ�·ä������í�°ÿ�§µ̈ÍÎÂ¤�¦L = 1���¥�p<±²³́µèé¤ª3He·±ºøIJ°æç�¥��§µ̈	£³� ô¥��¦±²³���¥�Sr2RuO4 p̈<ä��·±²³́°ÿ�§µ̈��Â¤Ð¦UPt3���¥�L = 3·f<±²³́°ÿ�§µ̈¶ÑÂ¤¥��̈ªç�¶�����¥��¦êëä��·®Ó %îª>äk÷øùª�Á��í����±²³·�Ã½Ò1.1�ª
Cooperä·�Áº Ó̈́µ %î·6Ô½Õ1.4�¶�Ð¦

)1.4 Cooper�+̈©ÖR×ØÙÚ� ¡+ÛÜ1



6 �1��ÝÞßàáâãäåæçèéêëìíîïÙÚÛ«µÐ±²³́·òð·��µñòóÙµÚô³õö�÷LøßÃCuO2ßÄµù"ÉúîÆßÃûüýÄþÉ?�ÿýñÐ6Ô½µ��µþ(Òõ����·CuO2ßþ±²³·���ÿ�ó±²³âº��·ß½º��(Õ1.5�	) �
CuO2ß
��óCu·3dËÌþ²³½��ó�e��ñÐ3dx2−y2ËÌþhalf-fillingµö�âã>üþ��öôò����·�óúð�ëþ�&sÂ�ò�ö���¾�����ûǘµö���·����ûǘ�âãz�&ñ·úð�ë½�&s���µ��ôò±²³þ�ç���ÙÚÛ��Ð±²³́�����CuO2ß�ó�þä�ö� !"#$%&'()*+, !"#$-./0123 !"#$%&'()*+, !"#$-./0123

4567869:9;6<=>?@ABCD
EFG

H1.5 Bi2Sr2CaCu2O8+δ IJKLMNOPQRò�S��TUVWXYZ[\�]YV̂_̀a�̀b�cZ�dWXYD4hefghiS6)j̀1.2klhiS�meZ�dWXYD4hno[V̂_̀aPpRqrsZtuvw�xyz{|VCooperWVWX}n~i�V�i�e��q���i�����jdx2−y2 �cdxy���n~i�iZ
∆d

x2−y2 (k) = ∆0

(

k̄2
x − k̄2

y

)

(1.11)

∆dxy
(k) = ∆0k̄xk̄y (1.12)

k̄j =
kj
kF

(1.13)k���iZ~i�iB1g àcB2g àe���Sj
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Γ+ ∆(k)������
A1g 1, k2

x + k2
y, k

2
z

A2g kxky(k
2
x − k2

y)

B1g k2
x − k2

y

B2g kxky

Eg kz(kx + iky)�1.2 �����D4h I� �¡Γ+ ¢£¤¥¦§̈©∆(k)Iª«¬®N
1̄.6e�°±²kVyz{V³́µ¶·̧¹º∆(k)VWX}Pl�j»»k¼½�Vn

d�VO¾Z∆(k)V¿ÀÁkeÂRqÃÄ�S»ckÅSj�°±²k∆(k)nkx = ±kykÆÇc�s~V]PÈe¿ÀÁÃÄ�q�Sj»inZ∆(k)ÁÉdÊkÅSs�yz{|knË�i��»ckZ»V¿ÀÃÄ}ns�cd�Vyz{��VÌÍÊ�Î�kÅSj~VÏ�d�yz{|VÐ¾ÑknZs�yz{Ð¾ÑknÒ»sÓ��ÔÕ�aÖÁ×ØÒ»hiSj
ÙÚ

ÛÜ
ÝÝ ÞÞ ÙÚ

ÛÜ
ÝÝ ÞÞ

H1.6 dªßàáâIãäå¦æçèé∆(k)I��®N»V³́WX}PêëÊeìí�Sîïn�ke�ð[�ñbiq�Sj»»knSigrist�eÂRqòóhiÏôÐ¾e[�qõö�S7)j̄VÂm�YBCO÷øùcúVûü���SÐ¾P[ðsºýþVÿe��ΦPcr��a, b�e����Pnh�2[Vyz{|²V�	
P~i�iφa, φb c�Scºýþenφa, φbV�Øhe��ÏJosephson�Á�iSj\ÏZ�	
PºýþebÏRq��¾b�Ï�VnºýþP�ð��eÉ�ðZφa− φb + Φ + δab = 0Á�s�[j»»knYBCOVÿka�e����cb�e����cV²e��S�	
k�YBCOÁs-�yz{|�c�Scδab = 0Zd-�yz{|�c�Scδab = π c�Sj»VÏ�Josephson�V���P��ΦV�°c�q��Scs-�yz{|cd-�yz{|ckn~VΦ eW�S��}ô�iS»ce�SjēË�iSÂmeêëø�nd-�P p�q�S8)jknZ!"d�WX}Á#$e�SVkÅ%m�j&ËZ'¹(þÁ)�Ïf��*+º'ýÁ,ÁSV���Z-ÁÅSd�WX}Âs�s�WX}V.mÁÓ�Âme/�
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H1.7456I78.8)SdÁ9:���kÅSj���Z̄1.4el�ÏÂmeCooperWP;��S2<nd�WX}e=>qs�WX}V.mÁÐ?�q�SjÂRq<²	@QAÁB�Ñkn
d�WX}V.mÁCÍe�SDE}ÁÅSj»V»cP�mF�G�ðH>S»ce�Sjyz{|ÿV³́µ¶·̧¹ºn�BCSI3V'¹(þdJKeLmchiqrsZ

∆(k) = −
∑

k′

V (k,k′)
∆(k′)
2E(k′)

tanh

(

E(k′)
2kBT

)

(1.14)

E(k′) =
√

ξ2
k′ + |∆(k′)|2 (1.15)k̀hiSj»»kξk = εk−µnvMµ¶·̧¹ºµ��NRÏ*+º'ýkÅsZV (k,k′)n<²V	@QAP̀�j�\Z∆(k) = ∆0f(k) c�qK(1.14)eOP�ScZÄQxRTC?Ser�q

f(k) = −
∑

k′

V (k,k′)
f(k′)
2ξ(k′)

tanh

(

ξk′

2kBTC

)

(1.16)c�Sj»VTUef(k)PV�qke��SWPcsZV (k,k′)f(k)f(k′) PFermi�e



1.1 n��e 9��SXY�〈〉kZØ[�q\I�ScZ
1 = −

∑

k′

Vf
1

2ξ(k′)
tanh

(

ξk′

2kBTC

)

(1.17)

Vf =
〈V (k,k′)f(k)f(k′)〉

〈f(k)2〉 (1.18)c�sZTC VÌÍdJKÁÓ�iSj»»kdx2−y2 �P/�ScZÏc��
f(k) = cos kx − cos ky (1.19)kÅsZ»VcØf(k)f(k′) c�m]nZk ∼ (0, π)Zk′ ∼ (π, 0)(ÅS�nk ∼ (π, 0)Z

k′ ∼ (0, π))V̂eZ_k̀W�Á���Øð�SjLRqQ = k − k′(\Ïn−Q)VabcQñPdm<Wef	@QAÁghk�Ø�i�ZVf n_c�s#i×hc�qQA�SjCuO2�VÂm�ÃB�}j�kÁlm�Sc�m»cn<WefVmnabcQñQ�fÁghÊe�Øð�S»ccW��Sj�ÏÁRq»VÂm�O¾ndx2−y2�WX}Á#$c�SVkÅSj
Sr2RuO4�opqxyz{|c�qtuvwyz{|ersÁt\S&dkZtuvVgwVwxPA�qZy��yz{|Pz�{|Áñ�biqØÏj~�q[�eZ1994}e~��eÂRqZtPº¶���kZØ[�ÏSr2RuO4 Áyz{|kÅS»cÁlËhiÏ9)j

Sr2RuO4 VøùTUnZ̄1.8el�ÏÂmeZtuvwqxyz{|La2−xSrxCuO4c�ð����³Ç�����TUPcSjº¶���cu����S���X��RuO2��Áyz{V��c�sZÄQxRTC = 1.5Ku,kyz{��c�Sj��ý�·��nT = 0Vab��d�kξab = 68nmZc�d�kξc = 3.2nmkÅSj~VÕd}n
21�kÅsZ��øùTUVtuvwqxyz{|Âs��JR�Ø�jh�eSr2RuO4VO¾ZRuO2��V<��ntuvwqxyz{|V~icnW�ÊeZ�z{��n����Fermi�|c�qÍcÊeÂð��kØSj\ÏZtuvwyz{|n wxe¡¹¢́P£ýþ�S»ceÂRqyz{Ála�SVeW�qZSr2RuO4 n¤¥wP¦§Sc�neyz{	Á̈hiS�©·ª¼«yz{|V¬2°P®3�SÏ�u,kõö�Sd°̄�ºP{P�Sj
ˆP±�Ï°k2× 2 V�©·±²Vñ²³̀�»ce�́j³́µ¶·̧¹ºn&µe

∆̂(k) =i [∆kσ̂0 + dk · σ̂] σ̂2 (1.20)c���́»cÁ¶�́j»»k̂σj , j = 1, 2, 3 nPauliñ²Ẑσ0 n÷�ñ²kǺ.÷|·���CooperWÁ�©·9�R³�Ï��̧¾enZ∆k Á#¹V�³p[j\ÏZ
Sr2RuO4 VÂme�©·3 ¼«VCooperWÁyz{³ºm̧¾endk Á#¹»�³pn, ∆k ÁÆÇe�́. Cooper¼n2 [»<c½¾Ê�	���́¿¾À<k2 [»<»PiÁÂe¼�qÃ¼XkǺc�m½Ã��∆−k = ∆k, d−k = −dk c�m[Ä
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Γ− ∆(k)������
A1u x̂kx + ŷky, ẑkz

A2u x̂ky − ŷkx

B1u x̂kx − ŷky

B2u x̂ky + ŷkx

Eu ẑ(kx + iky), kz(x̂ + iŷ)�1.3 �����D4hÅ� �¡Γ− ¢Æ¤¥¦§̈©∆(k)Åª«¬®Ç

ÈÉÈÉÈÉÈÉÊËÊËÊËÊËÌÌÌÌ
ÍÍÍÍÎÎÎÎÏÏÏÏ
ÈÉÈÉÈÉÈÉÊËÊËÊËÊËÌÌÌÌ
ÍÍÍÍÎÎÎÎÏÏÏÏ ÍÍÍÍÎÎÎÎÏÏÏÏÐ1.8 Sr2RuO4ÅÑÒÓÔÇ
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Ð1.9 Knightç×ØÅÙ810)Ç

Ð1.10 Sr2RuO4ÅdÚÛØéÅÜÝÐ12)ÇÞßàáâãäåæçèàéêëìæí�îïðñàáâãCooper�Åòóôõö÷íøùúûÇ



12 011ü3ý�þ�ÿ��»̄°��dký�©�3�«���»�ü³	
��Cooper¼»���Õdk�������������.�����p���� Sr2RuO4!d"#$�Õ{x̂kx, ŷkx, ẑkx, x̂ky, ŷky, ẑky}!%&'()*+,-���Ö.�/*1.3012��!d"#$��34��56789.:;ý<+-5�NMR7=�Knight>?$!@47=A�BCDEýabF7G<!�H7���IDJKLMN.���ýN6,-5��-7=þCooper�K���O�PQR7SþT!���KcU7V�)S�Sz = 0!QR)S��W4,-�=X7.A510)�Y5µSR!:;7=þ��� QR)KTC�Z7N�[\]̂���ý_-̀ab7cdDEýaeN���fýg��7.A511)�T!h7ijk�l�mnDEopq!@4QRrs.t!:;ý.,-���12)�T!'u����vwxýzyz!{��|y,-���
d = z∆0

(

k̄x ± ik̄y
)

(1.21)

k̄j =
kj
kF

(1.22)�}~,-�EuQRý���,-���/�1.10012��/1.212)}~,-�d"#$�!�)K���!����!�H,K
|∆(k)| = (d · d∗)

1
2 = ∆0

(

k̄2
x + k̄2

y

)
1
2 (1.23)�.����b.FermiF�)KT!�x���K��b)S����)������!K��dzKkxky!%&'()S�+,-�Fc��b.QR)kxky)*,-�QR���N����)S���-K'�|�����)S�f7=A� �¡\!����¢�N5Q£)Kkxky)*,-�QR!���¤����)�¥!TC�e¦X���-K5�§̈DE©ªU�«�!=X.¬E!�):�����®̄,-�13)�:°7±RuO2F7G<.DE!�)���̂²7³Xjk!�́�2¥7zµ��!�¶@,-�¥!TC�·�����̧̂²�¹H����º§�-�14)�

1.2»¼½¾¿ÀÁÂÃÄÅÆ:;ÇÈ!ÉÊ7=���� /Ë�� Ì(Í©��� /Ë�� /��� Ì(Í7 ��:;�<X���ÎÏ7.A�H5��-�!:;KÐÑb7ÒÓ�Ôb.ÕÖ×�ØNÙÚ=X���i!)S��T!567KÍ�ÛÜ�Ý��#.Þß7S�à��S����)KÛÜ�Ý��#Í�K.7�Y5ÛÜ�Ý��#Í)!����t!=X.ÕÖ×�áH¹����~Ú��
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1.2.1âãäåæçèéÛÜ�Ý��#Í�Kêë7ì§̈í#î�ï#î!\!ðñò!Í!��)S��ór7ì§̈�!=X7.��ôõ7Kö÷øùq��XúÓ!ö÷�Ýûüýþ$)S�ÿ����!)H�	
b.q,�������!q,KúÓ!�����7=A�3Y�G�̀�<��Kª�7	.��
§̈¢�)úÓ��D�!�Õ©�Ó��7=A�����,-�����úÓ!G�̀�<�K�!��,-�Y)7úÓ�5tA5��!q,)3Y��N�N�!��)KúÓ!ö÷KLM���Ýûüýþ�K�+-.����,-��7�A��5ö÷��K���i��ÿ��-��Í!q,��!ö÷øùq��!Í�ÛÜ�Ý��#Í����Y5�!����ÛÜ�Ý��#ÍK��!ðñò�úÓ!G�̀�<�=�i��E(q�E(!���7z�-��t�+���� �!"�#$�#Þß� �%�Þß����ÛÜ�Ý��#&��7 ��!"�#$�#Þß)'�.()�Andreev]*)S�%�Þß)'�.+,�u5�!�ÅÌ-u)S��
1.2.2 Andreev./Ë�� /N)�&�� /S)!0F)N1��23!úÓ�p*N5[úÓ�S4756��=�iúÓ�3��.�Cooper��&y��7X�89:�üb7;4)S�567<ü:�0F)]*NS47Cooper��-���!×KAndreev]*15)�=̈-úÓ!89:�ü�&�� !89:�ü����==�i>,��H7¹��?
Andreev]*KNSÌ(Í7 ��k��s!�s7���@xwxb����Ag��567º§B,-5�Andreev]*7K��!O¥!�C�S��

1.6DúE23!úÓ�p*N�2¥!Cooper�¥Y��3!úÓ�B�<F56�Ë]*!.�[úEK�G7.�HISÌ(!JKKLz7.��
2.ö÷MN&MO 4!�Ú�!Cooper�KP�b.ö÷ϕ�Q�N� �RAndreev]*7=A�2¥!Cooper��&y,-RT!�iö÷ϕ��¥�<ü:!STU�ö÷KVϕVarccos(E/∆)W.����)EKBogoliubov-de Gennes���!X�Y)S��
3.Z[�]*N5<ü:KúÓ!p*\]�YA5F]�7̂_��7±Andreev]*!-u�U�p-5NSÌ()!ú̀ab�}~c_Blonder-Thinkham-

Klapwijk/BTK2Öd�Agc_567Bogoliubov-de Gennes/BdG2����efc_�BTK�gdN5hKsi&MOjhEkl�RmdnoKp"�ý�p&MOjqU�rXstR=�ª�buvwx¥yz~Ú_�Y{REh|}ÓΨσ(r)q~yzR÷��~hS_úÓÍhHamiltonianq}~c_�úÓ\h�-÷��~x��þ���q�
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Normal metal Superconductor

electron

hole

Cooper pair
Fermi energy

∆ Energy gap

Normal metal Superconductor
electron

hole

Cooper pair
Fermi energy

∆ Energy gap

�1.11 Andreev��s�sHamiltonian�R
H =

∑

σ

∫

drΨ†σ(r)

[

− ~

2m
∇2 + Vσ(r) − µF

]

Ψσ(r)

+
1

2

∑

σ,σ′

∫

dr

∫

dr0Ψ†σ(r)Ψ†σ′(r
0)g(r, r0)Ψσ′(r

0)Ψσ(r) (1.24)Wu_���oσ =↑, ↓���þq�c�g(r, r0)���rWr0x�_�úÓh�x�F÷��~o�_�����hYu�̈��R�hYu�̈á�÷��~q��zy_���o���q
∆σ,σ′(r, r

0) = −g(r, r0) 〈Ψσ′(r
0)Ψσ(r)

〉

(1.25)

∆∗σ,σ′(r, r
0) = −g(r, r0)〈Ψ†σ(r)Ψ†σ′(r

0)〉 (1.26)W�zR���Å�q�u�WR
HMF =

∑

σ

∫

drΨ†σ(r)hσ(r)Ψσ(r)

+
1

2

∑

σ,σ′

∫

dr

∫

dr0 [∆σ,σ′(r, r
0)Ψ†σ(r)Ψ†σ′(r

0) + ∆∗σ,σ′(r, r
0)Ψσ′(r

0)Ψσ(r)
]

(1.27)Wu_���ohσ(r) = − ~
2m∇2 + V (r) − µFo�_���oRHeisenbergh��v��

i~
∂

∂t
Ψσ(r) = [Ψσ(r),HMF ] (1.28)
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i~
∂

∂t
Ψ(r, t) =

∫

dr0( ĥ(r)δ(r, r0) ∆̂(r, r)

−∆̂∗(r, r) −ĥ∗(r)δ(r, r0) )Ψ(r0, t) (1.29)¢¢oR
Ψ(r, t) =











Ψ↑(r, t)

Ψ↓(r, t)

Ψ†↑(r, t)

Ψ†↓(r, t)











(1.30)

ĥ(r) =

(

h↑(r) 0

0 h↓(r)

)

(1.31)

∆̂(r, r0) =

(

∆↑↑(r, r0) ∆↑↓(r, r0)
∆↓↑(r, r0) ∆↓↓(r, r0) ) (1.32)W�s£¢hHamiltonian�¤hBogoliubov¥¦

Ψ↑(r, t) =
∑

k

{

uk↑↑(r)αk↑e
−iEkt + uk↑↓(r)αk↓e

−iEkt + v∗k↑↑(r)α†−k↑e
iEkt + v∗k↑↓(r)α†−k↓e

iEkt
}

(1.33)

Ψ†↓(r, t) =
∑

k

{

uk↓↑(r)αk↑e
−iEkt + uk↓↓(r)αk↓e

−iEkt + v∗k↓↑(r)α†−k↑e
iEkt + v∗k↓↓(r)α†−k↓e

iEkt
}

(1.34)x�§z̈©ªc_¢W«o¬_£¢�qHeisenbergh��v��x®�z̄°±²�z¡³c_WRBogoliubov-de Gennes(BdG)v́�«µ��_£
∫

dr0




h↑(r)δ(r, r0) 0 ∆↑↑(r, r
0) ∆↑↓(r, r

0)
0 h↓(r)δ(r, r0) ∆↓↑(r, r

0) ∆↓↓(r, r
0)

−∆∗↑↑(r, r
0) −∆∗↑↓(r, r

0) −h↑(r)δ(r, r0) 0

−∆∗↓↑(r, r
0) −∆∗↓↓(r, r

0) 0 −h↓(r)δ(r, r0)  uk↑↑(r0)
uk↓↑(r0)
vk↑↑(r0)
vk↓↑(r0) 

= Ek











uk↑↑(r)

uk↓↑(r)

vk↑↑(r)

vk↓↑(r)











(1.35)
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∫

dr0




h↑(r)δ(r, r0) 0 ∆↑↑(r, r
0) ∆↑↓(r, r

0)
0 h↓(r)δ(r, r0) ∆↓↑(r, r

0) ∆↓↓(r, r
0)

−∆∗↑↑(r, r
0) −∆∗↑↓(r, r

0) −h↑(r)δ(r, r0) 0

−∆∗↓↑(r, r
0) −∆∗↓↓(r, r

0) 0 −h↓(r)δ(r, r0)  uk↑↓(r0)
uk↓↓(r0)
vk↑↓(r0)
vk↓↓(r0) 

= Ek











uk↑↓(r)

uk↓↓(r)

vk↑↓(r)

vk↓↓(r)











(1.36)¢h¶·hv́�� Ruk↑↑(r) = uk↑↓(r), uk↓↑(r) = uk↓↓(r), vk↑↑(r) = vk↑↓(r), vk↓↑(r) =

vk↓↓(r)ḩ̄«�_hoR
uk↑↑(r) = uk↑↓(r) = uk↑(r)

uk↓↑(r) = uk↓↓(r) = uk↓(r)

vk↑↑(r) = vk↑↓(r) = vk↑(r)

vk↓↑(r) = vk↓↓(r) = vk↓(r)W�¹c_¢Wxc_£ºk»h¼�x½¾c_¿Àh�ÁÂÃ�ÄÅÂÆÇ�¿́Èh¿Ào� ÉÊË�Ì́Èh¿ÀoÍ�ÎÏÐÑ�½¾�uy£¢hstÉFermii°o¼ÒÓÔ��ÏÕyÖ×oh¥ªÎÏÍ��ØÙÎÏ£¢h��uÚ��ÛÜÝÚ�Þßà�Ï£vkσ = v̄kσe
ikF ·r, ukσ =

ūkσe
ikF ·rÞ�zÉ∆σσ′(r, r

0) = ∆σσ′(x,R)Þ�zÉ(x = r − r0,R = (r + r0)/2)

∫

dr0∆σσ′(r, r
0)vkσ(r0) = eik·r∆σσ′(k̂F , r)v̄kσ(r) (1.37)

∫

dr0∆∗σσ′(r, r0)ukσ(r0) = eik·r∆∗σσ′(k̂F , r)ūkσ(r) (1.38)ÞÚ�ÎÏ£¢¢oÉ
∆σσ′(k̂F , r) =

∫

dx∆σσ′(x, r)e−ik·x (1.39)Þ�s£̂kF = kF /|kF |�Fermiáâãväo�Ï£¹åãævçèéêÎÏëìÉ̄u →
u, v̄ → vÞ�ÉBdGí́�ê¢ãÚ�çîÎÞÉ

(

ĥ(r) ∆̂(k̂F , r)

−∆̂∗(−k̂F , r) −ĥ∗(r)

)

Ψk(r) = EkΨk(r) (1.40)

∆̂(k̂F , r) =

(

∆↑↑(k̂F , r) ∆↑↓(k̂F , r)

∆↓↑(k̂F , r) ∆↓↓(k̂F , r)

)

(1.41)
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Ψk(r) =











uk↑(r)

uk↓(r)

vk↑(r)

vk↓(r)











(1.42)¢ãí́��óôõöç÷øºù»úãôõûüç¹åÎÏýþÿ�í́�ú�Ï£
Andreev���öã³�ã���1964�ã¢Þú�§ë«É�ã�	
ê·���� ��À�����§ë£��ç��ê�ëã«1982�ê��À�ëBlonder-Thinkham-

Klapwijkê�ÏBTK³�ú�Ï£����ôõö/��ö/óôõöºùê���É��ö���«ºùã�����¼
ê ã���!"ç#ë$Î�ç%&Éóôõºù»ê�ÔÏ'(ÿ�³�ç)*+ë£¢¢ú��ãBTK³�ç,�ÎÏ£-Andreev��ãý.ÿ�
/çBdGí́�ç0��12ê��ÎÏ£è3ãëìê45�6ã��»ç78ÉñòÇã9:�;<ÎÏ=>ãÞ¬BdGí́?�@AãBCê¹åú¬Ï=
(

h(r) ∆(r)

−∆∗(r) −h(r)

)(

u(r)

v(r)

)

= E

(

u(r)

v(r)

)

(1.43)>ãÞ¬ÉBdGí́?êDCEF̧°çÉ
ΨN (x < 0) =

(

1

0

)

eik
+x +

(

0

1

)

aeik
−x +

(

1

0

)

be−ik
+x (1.44)

ΨS(x > 0) =

(

u0

v0

)

ceik
+x +

(

v0

u0

)

deik
−x (1.45)Þ¹åÎÏ>Þ«ú¬ÏGH1.12IJK=>>úÉ

a : Andreev��̄°
b :L���̄°
c :óôõöMNã�ËÿÛOËãPQ̄°
d :óôõöMNãRÂÃÿÛOËãPQ̄°úSÏ=EF̧°ΨN ,ΨSçTìÏëìê�Éa, b, c, dçTìÏU	«SÏ«É>V�@Aãx = 0ê�ÔÏWXYZ�$TìÏ>Þ«ú¬Ï=
ΨN (r)|x=0−

= ΨS(r)|x=0+
(1.46)

d

dx
Ψ(r)

∣

∣

∣

∣

x=0−

=
d

dx
Ψ(r)

∣

∣

∣

∣

x=0+

− 2mH

~2
Ψ(r)

∣

∣

∣

∣

x=0−

(1.47)>>ú��ö�[Ã\̧°]ã���̂_Ç̀aÃHδ(x)ç0��b[ÃcÀV��Ï=�ãdÀ�ØefghïÂ\Z = kFH/2EFúijÎ>ÞkúlÏ=>>úÉ�ôõöM�$�Ëç®�ÎÏ>Þç78Ï=Andreev��ã,�ãmÉ®��ËãnoÃpÂEk
∆BqrsÀ�tùãuç78ëkÉEk∆çv8Ï>Þ�rwxySqÉ�ãtùç÷ì�®��ËêzÎÏ{|�@Aã}·ã~�$�Ï=
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A(E) : Andreev����
B(E) :L�����
C(E) :óôõöMNã�ËÿÛOËãPQ��
D(E) :óôõöMNãRÂÃÿÛOËãPQ��}·ã{|ãQ́çH1.12ê�+ë=>V$ã���A(E) = |a|2, B(E) = |b|2, C(E) =������ ����� ��������������

��������

��������
�

������ ¡¢£¤¡¢¥��¢¦§�¦̈ ©¡�ª
«���¬�®¢¦¦̄ ¢¦§�¦̈ ©¡�ª «����°±�²³́µ°¶́��°������������°±�²³́µ°¶́��°���

·1.12¹̧º»/¼½»/¾¹º»¿ÀÁÂÃÄÅÆÇÈ
|c|2(|u0|2 − |v0|2),D(E) = |d|2(|u0|2 − |v0|2)ÞijÀVÏ=�ôõö/óôõöXáú(ÉÀVÏÄÇÊË\Çñ¼
ê·���Éâã��ç��i?êÌÍÎVàTì$VÏ=>ãmÉ�ôõöM�$ãÍ��Ë�f(E − eV )ãFermiÑÎç+��qÉóôõöMãPQÛOË�f(E)ãFermiÑÎçr·ÞÎÏ=ÎÏÞÉ>ã»ç�VÏ���É

INS ∝
∫ ∞

−∞
[f→(E) − f←(E)]dE (1.48)Þ¹åúlÏ=>>úÉf→(E)�xÏãÐãíäêÑFÎÏ�ËãFermiÑÎÉf←(E)�xÏãÒãíäêÑFÎÏFermiÑÎçS$j+��qÉ>V$�@AãBCê¾8$VÏ=

f→(E) = f(E − eV ) (1.49)

f←(E) = A(E) [1 − f→(−E)] +B(E)f→(−E) + [C(E) +D(E)] f(E) (1.50)>V$ã̧̄�$É
INS ∝

∫ ∞

−∞
[f(E − eV ) − f(E)] [1 +A(E) −B(E)] dE (1.51)



1.2ïðñÄòÓËóôõ 19Þ�qÉÔPQÉ����ã�ÕùjÖÞ+�Ô��k¹åÀVÏ=ë×+É��ØÙãÚÛA(E)+B(E)+C(E)+D(E) = 1ç0�ë=ÜÝÞ��ÏnoÃpÂñÁÂÃ�noÃpÂpaÓß́ÈãàlÀúSqÉFerminoÃpÂê±&á�êsÀ�=�>úÉÑ{¸̄çâãúÚä+�É»��ËÞRÂÃúåÔêzæúSÏÞçè+ÉA(E) = A(−E)ã̧̄r0�ë=>ã?BqÉ�zéÈê�ÔÏêÑÄÇÊË\Çñ�É
σ(E) ∝ (1 +A(E) −B(E)) (1.52)Þ�Ï=Î�jwÉ�ôõö/óôõöXáê�ÔÏÄÇÊË\Çñ�É�ôõöMNã

Andreev��ÉL���ã��ãuú¹åúlÏ=H1.13,1.14êXáúã���ãdÀZçghïÂ\Þ+ëA,B,C,DÞ�zéÈêzÎÏêÑÄÇÊË\Çñ¼
ç�Î16)=

·1.13ëìíîïðñòóôõZö÷øùúûÃA,B,C,DÃüýþÿ�����16)ÈëÉ>ãBTK³���ã���ÎÀ�$�êå&Ï�ôõö/�íÿóôõöºù�d	
ö/óôõöºùÉ�ã
êrd	
ö/d	
ö/óôõöºù17)Éd	
ö/d	
öºù18)Éd	
ö/�ôõö/d	
ºùö19)Éd	
ö/óôõö/d	
öºùö20–22)� êr�0ÀV��Ï=���/����������c���óôõöã����É�ã��̂_Ç̀aÃãzæ
�sE�dE��Þlq+����Þë=1994�ÉHu�dEóôõöãXáê���ÛOËã� !"G#Ó$paÓßAndreev%&!"GMARSKKk'ÐÀVÏ>Þç(�ÿê�+ë23)=�ãâ�ÉTanaka-Kashiwaya�É>ã� !"k�ôõö/dEóôõö)ùã*ÇoÃÄÇÊ
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·1.14 Zö÷øùúûÃ+,-./0õ.ÿÃüýþÿ�����16)ÈË\1ñê2��3(�456ã7á�$12ê89+ë=Tanaka-Kashiwaya(�ã�t�3:�5;<=V�lë>?�@�ñA1ÊË\1ñòBË(ZBCP)CÙDE�$�ê+3��c���óôõöêdEzæ
kÙDFG><EHèIJë24,25)=@Aú�C
Tanaka-KashiwayaêBG(�EKLFG=78G)ùM�Nef�O�Pb[QRýS���q3dETUõöC��̂_1̀aQ�∆ cos(2θ − 2β)<i=VG=>>ú�θ�VOPCÍ�WXEi+3β�)YCWXEiF=TUZ[C(100)X\�$]G)Y�
dECaÏ<X\CÚã̂Ë*QC]FWXEβ = 0<_̀><Rz�+3(110)X\�$]G)Ya�β = π/4<_̀><Rz�FG=bcdae3fVgVdx2−y2E)Y3dxyE)Y<h̀><RFG=H1.15RiMCjUZ[k$lPEÍm+ntYC{|QoE�F=WXθalPEÍmFG><RBq3TUZ[MNpJGlPqVOP<RBQqVOPefVgV�]Þn�r̂_1̀aQEstG=Tanaka-KashiwayaejUZ[/dETUZ[MaBogoliubovuo?Evl3BTK(cEwxFG><RBÞy3@ACêzA1ÊË\1{Ci?E|n=

σT (E) =

∫ π/2
−π/2 dθσS(E, θ)σN (θ) cos θ
∫ π/2
−π/2 dθσN(θ) cos θ

(1.53)

σS(E, θ) =
1 + σN (θ) |Γ+|2 + {σN (θ) − 1} |Γ+Γ−|2
∣

∣1 + {σN (θ) − 1}Γ+Γ−ei(ϕ−−ϕ+)
∣

∣

2 (1.54)

Γ± =
E − Ω±
|∆±|

, Ω± =

√

E2 − |∆±|2, σN (θ) =
cos2 θ

cos2 θ + Z2
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������������������������������������
��������
�����

 ¡¢£¤¥¦§̈

�����©ª�«¬®©̄ ��©������������©ª�«¬®©̄ ��©���

·1.15¹̧º»/¼½»/d°¾¹º»¿ÀÁÃÄÅÆÇÈ±±a3σN (θ)ejUZ!"CA1ÊË²1{3Ze³́rCàµ=E¶·IJĢ¹}B²aºG»ϕ±e�r¼½1¾¿Q∆±CÀÁaÂCÃÄRèÅ=ÆG»
eiϕ± =

∆±
|∆±|

(1.55)±CÇÈRÉÊy3�r¼½1¾¿Q∆±CÀÁËºÌÍRÎÏÐyÑGÒËÓÔaºG»ÕÖV×PCstGØr¼½1¾¿Qe3
∆(θ+) = ∆0(2θ − 2β) (1.56)

∆(θ−) = ∆0(2θ + 2β) (1.57)aÙÚÌÆG»¶Rβ = 0aZËÛµÊÜE<GÝY3A1Þß²1{eTUZ[C³QßCàáâXRãäFG»åæCsçTUZ[RèFGéêëQìíCîïað³QßCàáâXËñî=ÆG<òÚÌÆyµnCe±C±<RÃG»ó1.16Rβ = 0ðβ = π/8ð
β = π/4CÝYCÈ(1.53)CôõöíE÷Ðn»
β = 0CÝYðøyClPCùmWRèÐy∆+ = ∆−aºG»fCnúðûüýþ¿üÿAndreev��àá�MARS�e���Æ�σT (E)eð³Qß�àáâXR	nV
��þ¿üÿ��÷�»�uðβ = π/4aeøy�ùm��èÐð∆+ = −∆−���Ë��ÐðMARSË���Æð�z�êÞß²ê{eσT (0)a��ß���»±ÆË��³�r{�êÞß²ê{��ß(ZBCP)aº�»±�ÃÄ�dç� !"�σT (E)eö#$�u%β�&'Ðð³(ß�àáâ)*e+Ìk,-�.�/Ê�÷ÐyÊ�»ó1.17�0123� !"YBCO�45�éêë(z6(STS)�78öí��ä�÷�26)»(100)9:�0;�<=V
��þ¿üÿ�Ëñî�Æð(110)9:�45;�<=
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BCDEFBCDEF

GHI
GHJKL
GHJKM
GHI
GHJKL
GHJKMNNNN OOOOPOOOO NNNN OOOOPOOOO

Q1.16RSTU/VWU/d°XSTUYZ[\]̂_̀abc̀defgh_̀abc̀dijghklmnopqre

Q1.17 YBCO\stuYZvwxyrz{|}~̀��̂�\����26)e



1.2�����üß� ! 23��³������ßËñî�Æ�Ê�»±�78öí=Tanaka-Kashiwaya��A�����7�Ð�Ê�»��<��µ�ÃÄ�ð� !"/,��� !"��<=Ø�¼½ê¾¿(��%&'��Ã�ÎÏË���ºÌÍÆ�»±Æ=ð� !"���×�Ë� ¡��%�¢£�,-�Ø�¼½ê¾¿(�¤£�¥¦ìí�§±Ð�öíð��̈:����Æ�MARS�Ã�©�*òÚÌÆ�Ê�»
pç� !"��ª<�éêë(ìí©�A��«¬ÌÆ�Ê�27–29)»YamashiroÌ=

Sr2RuO4�É��®�êÞß̄ê��.�/Ê©�A��«¬ðkx ± iky�ç°&'��©�pçè±��é²ÿ³üé� !"���ÉÊ�©ZBCPË́µ�¶*�·̧Ð�27,28)¹Sr2RuO4���É�éêë(ìí�78=º»¼½Íµ�Ê-ÊËð¾ä�¿ÀµÁSr2RuO4 − Ru�#ª�ÂÊ�MaoÌ�78<=ZBCPËñî�µ�Ê�30)¹

Q1.18 Sr2RuO4 − RuÃÄ[i\_̀abc̀d30)e
1.2.3ÅÆÇÈÉÊËÌ/ÍÊËÌÎÏÐÑÒÓÔÕÎÖ×Ø�ìí*=� !"/� !"��ª<� !"(S)ÙÚÌ� !"(N)Ù�CooperèËÛÜÝÞ́ß�¶*<º��ó1.19àá�âN��ÛÜÝãäCooperè=�å�³ê�æ*çÁµ�æ�èãä*¶é<êµ�¹�å�³ê�æ=√D/2πT<º�ÚÌµë
Cooperè�ç �°=ìí�èÐ�î°�°��ïð��¹¶¶<ðD=N�ñòï°ð
T=ó)<º�¹ñòï°=º�Ò�ºô�õ�Ëö÷�øÖ**©�ù�ÑÌÊúËô�ÊÑÚ�÷�¡<ð�*ÚÁû�üý<=0.012m2/sec<º¼ëT=4.2K�*þ=�å�



24 >1?@A³ê�æ=0.06µm*ÿÊ¶*ËÍÚ�¹¶�Ø�ìí��ÐÊ���º�Ú��ËPetrashovÌ���78<º�31)¹�Ì��ô�+ÌÚ��µ��=����-�å�³êéõ�è�òÚ�<º�âN��ÛÜÝãä
Cooperè=�å�³ê�æ�)èãä*¶é<êµ���õ��-�¹ÐÚÐð���õ�=Cooperè���Ð�Ê�¶*��	Ð�É¼ðç �°�
�=®Úµ��ð���Í¼�������=�ï<¶���� !"����-
��-ô���¹¶������� �-��
���å�³ê����ô���õ�è��å�³êéõ�è*ç�¶*���¹õ��
�����ô��»�*�å�³ê�©��µ��<�å�³êéõ�è�ï�æ=
�� æ<!"�µ�¹�*"Áðû�üý�
�� æ=T=4.2K�*þ1µm�)<�å�³ê�æ�¼�ô*æ#ëN�æ��
�� æ�¼ÿ�-��å�³êéõ�è��!��́ß=$%ø"�&�¶*�'(��¹¶¶<�<Â���å�³êéõ�è�)æ�-Thouless*ë(þ�*�Áµ�*ë(þ�ETh = D

L2�ï+��¹¶¶<L=N�æ�<º�¹�*"ÁðL = 1µm�û�üý<=,8µeVëó)���*0.1K*��-.ó�-�¹¶�Ø�/0��ô���ª�12́ß=3þ-45�6�â19917Kastalsky�=
InGaAs/NbÚ�-�N/S���8��®�9:;̄9��<=��32)¹>-Ü�Nb=
1.5meV=*?(@�@ABC*,9KDEFó)GHIJFKL<Møö�2-ù=NO�PQù�¼RS�T=��U%<º¼VWX��D78<=YZ��#[�µ\]1.20_̂̀��̂��a¶Dbcde9:;̄9f̂ZBCP�́µ\¶gGhi�j¹»jM¶DkaThouless*?l@md!"�µ\¹��DÂ�jInGaAsanopGq#rãäñòst̂º\U%dºôj¹¶DZBCPa]1.21D��QõugvmlD÷Dwx/0̂�ôyz�Sµ\¹{adõu�Andreev|}g~m�l|}G6�jg̀\�~m�l|}G6�j�ua��G6�y{bd��Andreev|}g~m�l|}G6�jg\̀��Dg�Andreev|}a����Gj��{a�̂�y#\��D��̂�y2IDvmlD�̂��wx�8��MvmlD����G�����gdAndreev|}�� \�¡¢�£da¤¥¦�§̈\j��D/0a©̈Qª�M«¬�£da¤¥¦�Q�j>Andreev|}®��̄̀\j�ZBCP�©̈\33,34)°Volkov±a²³́Green��µG¶ªyb·̂NḐ¹º»k��̈̂��y�̄̀\�gG¼�j35)�½j�DAndreev|}®D�̄a¾¿D��̂�yzÀd�\36)�ª½ÁN¼±SÂÃÄ̀\®GTg̀\�ÅÆAndreev|}a2IDÇuD��ÄÈQDdÉD®aT 2DÊmËmd�\�ÌÍ~m�l|}®a1ÎÏ��ÄÈdR = 1 − TdÐ ±̈\�Ñ�yMqÒÏÓÔ~m�l|}®aAndreev|}®��Õ�ª��¼�MÖ̈j×danop̂ØÙÚ��S̈MÛÜ̂ØÙÚÝ¼��g�d�\���yM�uaAndreev|}̂��ySÞ̂�yªÒ½dØÙÚ~m�l|}ßà�\�ÉÏ��QeámâãäQÄÈ̂�\åAndreev|}®Pa~m�l|}ÏÎ�n�æ¢ÕÏg�

P =
∑

n

T 2Rn = T 2 1 −Rn+1

1 −R
= T (1 −Rn+1) → T n→ ∞ (1.58)gQ\�ç½�èÛÜéêdÏ®RÏë�ÎÏ~m�l|}g®�T 2ÏÊmËmÏÌÎÏAndreev|}ÏeámâãäQÄÈaTÏÊmËmÏAndreev|}®ßì�í



1.2îïfeðñòVWX 25�̀Ñ�yè�̈ÏóôaÛÜéêÏÇußõ�ö�è÷Ô×ÏeãËòøãfß�̄ùú\�g�û¼\�
超伝導体超伝導体超伝導体超伝導体常伝導体常伝導体常伝導体常伝導体

SξF

x

2
F ∝ Ψ

Nξ 0

超伝導体超伝導体超伝導体超伝導体常伝導体常伝導体常伝導体常伝導体

SξF

x

2
F ∝ Ψ

Nξ 0ü1.19ýþÿ����ü�����/	
��������������Æ���/�Í�����÷Ô×da��Ï���ÛÜ� ñ!"#$Andreev%&'((MARS)�)*ù̈+�d,�Ï×�-�+ê÷óô,MARSg�Ï��.�/��+Ï01�¼2d�g�y,34�.ÓÔg�yα = 05dx2−y2�gÚ678α = π/4,(dxy�gÚ678ß97. p�g�y,px, py�ß97�g�:+.
d�Ï����-ªy,MARS�:;yÏÞ}<Ù�=�y>?ù̈+α = π/4ÏÓÔ�,=@¦¼±ê÷óô�A y�½�.37)ÌÍÁMARS�AB:+α = 0ÏÓÔ,,ÑCÏs�Ï����g�D�ê÷óô�EF:+�ç½�ê÷óôgMARS�Gª�HÔ�/��+.�̈�=�yp�ÏÓÔ,¼.��.�jI+½ªg.+.:;yÏÞ}<�=�yMARSßJ�+px�ÏÓÔ,,ê÷óô�EF:+Ï�=�yèKÏL¢Ïpy�M,,ê÷óô�AB:+�p�ÏÓÔ,MARSNê÷óôÏ%ENª��Æ.'(�í©:+ÏM�+38,39)�¾¿M,�Ï�N�÷Ô×MÏ'(OÙNPãËòøãQ��Ï��.RSßÐ +¼ßi+�N�:+�Æ���T�Ï�UVWßRd,ÛÜ�-�+XY�ÏVWßRbN�ZN�è[�Ô*VW�Rd +Rb�.�yª+ÏM�̈\T.+OhmÏµ]�Ñ�û�M,ê÷óôÏ̂_ß̀aN�.ª.N�1�:M�ÑCÏs-�����Mb±̈cª+���Ô*VW,�±̈dçÏVWÏTe.f�,.±.ª.Æ���̧M,�Ógh�ij:+Z�²ÇkÏlm��½M�noNp�+̀a��+.�Ïq��r�ZÍµ�Keldysh)sÏ²³́tuvã��µM��è¾¿�Ïwµß¶ªcTanaka±��+d�����èp������=:+xyzôß{|:+.37–39)½}èÆ���̧Ï~�'(OÙρ(ε)��q:+.
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ü1.20 InGaAs/Nbþ������������32)�
���������
�� ������
� ����
�
� ¡�¡¢����£��¡
¤¥¦§̈ ¤©ª

«¬®̄ °±²³¬°́ ±̄µ¶·³̧ ¹¹¬º̧»®²±̄¼½¾¼®́ ½¾¿ü1.21ÀÁÿ����ü�ÂÃÄÅÆÇAndreevÈÉÊËÌÍÎÏÐ�
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−0.1 0 0.1
0

2

4

6

8

−0.1 0 0.1

a
b

c

ε/ ∆0

ETh=0.02∆0

Z=3

a

b
c

ETh=∆0

ε/∆0

ρ (
ε)

ü1.22 pÑÒÓÔÕpxÑ�ÖÓÔÕ�×��ØÙÚÛÃÜÝÞßàρ(ε)áZ = 3,
Rd/Rb = 1ÄâãÇäåãÜæ�. ETh = ∆0 (çè) ETh = 0.02∆0 (éè).êÃëÃ�ìíîïa, x = −L/4; b, x = −L/2(ÖÓÔÕ�ðñ×); c,
x = −L(ÖÓÔÕòóô�õö÷�øÐ.39)ù1.22�úù̈cª+ûü�,~�'(OÙ,Æ���Ï̧M«¬ýþÿ"�ð�òß�ç.��,ÑCÏê÷óôÏ��M,.��Z�NM�+.�ÏÓÔ:;cÏÞ�<Ù�=	cAndreev%&'(ßJ
c�+Z���ýþÿ"�ê�M��ê÷óô����c�+�px�����M,����ã�#ÿÏ�ç�Õ���ÝN�� òäÿ�.:<!��M�+�,[���<!�"#�.�ZN	c$�+%�<!�&'k,

MARS(J
�)*÷+,�-.:+Z��,~�'(O!��ýþÿ"��/�0,EF:+.39)	Z��cAndreev%&'(N*1+,�%E,p��234M5û56789:Q/;3<=>234M?@ABCDEF$�D�F.38,39)G6�HI:,��J!�π/29K�cLM9NOP�FQRST�UVFpy��WD,*1+,$MARS$X$9UVYZ[\P�]̂_ST̀!:abc23STXd
�?9KF.e9d�>2349f	YfghFij(kü�(ù1.23lm). d������;�no��)�p���qX�� 0ro�KhJ!α�α = 0, α = π/8, α = π/4�st(uvw�,�x��st$p�Dyz�FûüK�ýþo{��/�0:|}	K�.��ûüKst9:*1+,XQRST�~t��9KF]�9,c234����ST:p��1tX:pEA�KF$�XKF.
p�>234��)�cK*1+,���(û5��9hF]�9,1t��4����9��F�����c234���Rd9��9�|hF��(�1.249�	]. a9�P�Y�F��9py��st:,MARS$|}�x,*1+,$|}	K�]�9tO��:,1t���Xc234������K�	jbOhm���?XKF. MARS�|}	K�]�9Rd = 0��D���R���pEK�XK�Y�F.6�px��st:
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−1 1

¡1.23¢£¤¥¦§̈¦©ª«¬®̄°±²³d¦́µ£¤¥¶·̧¹º»̧®¼¦. Z = 3, Rd/Rb = 1 ETh = ∆0. d¦́½¾¿ÀÁÂÃÄÅ∆± =
∆0 cos[2(θ ∓ α)].ÆÇÈÉÊ. αÅα = 0 (ËÌ), α = π/8 (ÍÎ§),
α = π/4 (ÏÌ)ÆÐÎÑ.ÒÓ¦ÔÕÖÅ, a, x = −L/4; b, x = −L/2;
c, x = −L×̈Ê.39)Øc9ÙÚDb9�PÛYÜF��9tO��Ý6ÞRd9�|ßKÜXÜ�àáÝâÛF.ãä��Kàá:å1æçäèéäê D:�AëzÛYÜKìí]ãXDîF.èéìzëzÛYÜFsïästbðñc):,tO��Ý6òóÝíYìzôõîÝFXÜ�ö÷;rø;r8KùFúÜû�h.ãÛ:å1æçÝ�ãFãX9�íY,1t�ä���Ýc234XLMìzüýF��ä�KF�ßj9KzKÜXÜ�ãX9�íYþ�PÛYÜF.ãã9:�ßYÜKÜÝ,dïDα = 0ä1tästDÿd�ä�F�ÜÝâÛF.6�dxyïhK��α = π/4äst:å�æçÝU�hF]�9,tO��:�tä��Xc	
�ä��ä��K�ßjbOhmä��?XKF. MARSÝNOPÛF]�9,

Rd = 0äDätO��ÝSharvin��ä��9KíYÜF. pxï>	
�9�ÜYtO��RÝ6ÞRd9�|ßKÜXÜ��Ý�ÿ�8KàáDîF.��9ããD�zÛ]�ßÜOçû���å�9�zKÜ�8K�������;Dÿ�ì�zÛFãXû !hFb�1.25lm?.c	
�X>	
��tû"�#$oD%ßY,ö&��'Green��ä��DijhFãXÝ()DîF.ãäst*�+,-ä.;/o01:�234̀3XFãXÝ()DîF.ããD5,67��Dä����ä
Rd�|à389ßYyFX�1.24Xd�K:çÝ�zÛYÜFãXÝ�ìF. sï3�ÜY5ö÷;rø;r2�F�Ü, dxyï(α = π/4)3�ÜY5<ñ2K�=�Ü,Pz3
pxï3�ÜY5Rd3�í]>�|ßKÜXÜ�ù=úÜÝ�?PÛ].hK��K@�
KeldyshNAä���å�3BC>Green��äê ÝZD\PÛ]ãX3E=. pxïFGHIÛ=�cEå�æç5���å�JKL#$oMNäÿäF55E>YOP2àáûQRÿäFî=ãSÝ�?IÛãS3E=.
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1.2.4 Josephsontu
Josephsonvwxyz��äï{àÝ|}2V~��F�âß���Ý[	
��Fî=ãSû�ÿ�23�ß�äÝJosephsonæçFî=�1962��Josephson5[	
�;��æçäê 2��û�EÜ��ä��E: û��40)�

1.[	
�����ϕL�S[	
�����ϕR�ä�;����35����F���ä�;����Ý�Û��ä��I5�Rä[	
�ä����ϕ0 = ϕL −ϕR�3���=��<�Josephsonæç�
2.<���VÝ��IÛ�Ü=��F5�V3 ¡�=¢ï�ä£�¤�Ý�Û=��£�Josephsonæç�
JosephsonæçäB¥A5�ä�RFî=�

J = JC sinϕ (1.59)

ϕ = ϕ0 +
2e

~

∫ t

0
V dt (1.60)�¦�V = 0F5ϕ = ϕ0SE§− |JC |ì̈|JC |�Fä<�¤�Ý�Û=�V = const.ä©�35

J = JC sin

[(

2eV

~

)

t+ ϕ0

]

(1.61)SE§Josephson¢ï�fJ = 2eV/hFù{�=£�¤�Ý�Û=�fJ51mVä��¤�F483.60GHzÿäª¢ï�3E=����Û«¬�[	
�ä3®̄û5I°±��E²�³EJosephson��Ý́µIÛ���Ý��ä¶·J#$�3�̈EÜJosephsonæçä6̧2EàáÝ�ìí��§«óä��3�S�=ãSÝF�=41)�
1.[	
�ä��Ý2π¹ºß�ÿ+êâ»5¹�̈EÜ��E��[	
¤�J(ϕ)5���ϕ3¼ß�¢G2πä¢G¼�Fî=½
J(ϕ) = J(ϕ+ 2π)

2.��ä¾¿ä¹º5Josephson¤�ä¾¿ä¹ºûÀ�Áã�½
J(ϕ) = −J(−ϕ)�±ß�ãäA5ÂÃÄ�ÅàäÆÛ�[	
�3¼ß�5Ç§È�EÜ�ãäæç5É�2[	
�Josephson��J[	
�/ÊËà�/[	
�3ÌÜ�Í̈Û=�

3. Josephson¤�5��äÎ¹ºÝî=S�äÏ�Û=�R�§���ÝEÜS��3E=½
J(2πn) = 0 n = 0,±1,±2, .....

4.���Ð§Josephson¤�5ϕ = nπäS��3E=½
J(πn) = 0 n = 0,±1,±2, .....
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 31«ÑäãSì̈Josephson¤�J(ϕ)56̧3FourierÒÓF��«óäÔ3E=�
J(ϕ) =

∑

n≥1

{In sin(nϕ) + Jn cos(nϕ)} (1.62)

Jn5ÂÃÄ�ÅàÝÆÛ�ÜEÜS�35�3E=�
Furusaki-TsukadaxÕÖ

Josephsonæç5[	
ä|}2×Øâ»ä�RSß�89IÛ��äÙÍ«���Ú>ä��Ý�E�Û������Josephson¤�äÛòÜ�à3RÜ�5Ambegaokar-Baratoff3Ðí��äÐÝ3ÞIß�42)�
JC =

(

π∆

2eR

)

tanh

(

∆

2T

)

(1.63)ããFR5��àäáâFã=äJosephson��åæçè�é=[	
�êsë[	
�ì©�35�íìàìJosephson¤�5Furusaki-TsukadaìîASïðß=AF�ìÐÝ3ñòF�=43,44)�
J =

e

~

∑p T
∑

ωn

∆

Ω
[a1 − a2] (1.64)

Ω =
√

ω2
n + |∆|2 (1.65)íìîAìóô5Josephson¤�ê�RìAndreevÃõö÷a1Sa2øÐù�ñòIß�é=úøã=�a1û¤Øêüýþÿ����ì�F���Sè�ÃõIß�AndreevÃõö÷F��ì��FCooper�û	
̈�ì[�ø���é��a2û�ì������êüýþÿ����ì��¤ØSè�Ãõ�ß�AndreevÃõö÷���ì���Cooper�û�
̈	ì[��ø���é���1.26����Furusaki-Tsukadaìî�û��ß̈ì��Josephson¤�åñò����éÝ��ø���î��ã����� �!"#�$êÃõö÷ì%�&ì2'�(ç�ß�é�ìø�è�Josephson¤�øûÃõö÷�ì)ìêçß�é�í�ê*+�ã�.Ãõö÷ì��å,ù�-�����./ê�0̈ß1Josephson¤�ê�ß��2345�67ßð
§���18�9Tê:�é©;ìAmbegaokar-Baratoffì<=18�9Tê>?éþ@�A �#"AìB;ì

Kulik-Omel’yanchukì<=1�CDø���åEFGB;ìIshiiì<=45)å7ßHßñòI�í�ê�?�6Furusaki-Tsukadaìî�ûJKì2LåMNI�2L�èOPQ�ßOé�6RSTUVWXJosephsonYZ
• dëJosephson[;
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_1.26 (a)Josephsonàbcdefghi(b)Andreevjkhla1,a2mnopqfrsti



1.2uv$ wx"-� 33yòèCzÝø1dë-��ì{èéóôû|}~����x�êFermi�����ì�úå�Kí��ã�17ßû�5ìBCS-���û��ùOé�6íÝèCdë-��ì�K�)*+���û1�~"ì��å�����í�øz�çß����ì���=�ã�1A�}~�=�Josephson�=ø�{���å��I6Tanaka-Kashiwayaû1Furusaki-Tsukadaì�� së(BCS)-��ø¡èO¢£å¤¥C2Lå�¦§-��ø̈©èC46–48)6íì2Løûíª��ìsë-��ìJosephson�=ì2Lê«�ª1
1.¬*Andreevõì�=
2.®ȭø°±I�Josephson²³ì́µì¶·
3.�̧ø¹xº��x�Andreev»¼��½MARS¾¿À¢�ª��=¿ÁÂøÃ�Ä�ªOÅ�Æ¿óô�Ç�6ÈÉ¿Ã�ÊùCdË-��/%Ì�/dË-��[;ÍÎ�1.27øÏI6[;Æ	��üýþÿ���~ÆÐ?Î¶·��C�?ÆJosephson²³ÆÑÒ°±��ÓÔ°±�¿ÕÉ
ø�ùC6óø[;¿Ö×§�½α = −β¾�?Josephson²³ÆûØÙ�Ú0Éª�6

RN I(ϕ) =
πR̄NkBT

e
{
∑

ωn

∫ π/2

−π/2
F (φ, iωn, ϕ) sinϕσN cosφdφ}, (1.66)

F (φ, iωn, ϕ) =
2∆(φ+)∆(φ−)

[Ωn,+Ωn,− + ω2
n + (1 − 2σN sin2 ϕ/2)∆(φ+)∆(φ−)]

(1.67)

∆(θ+) = ∆0 cos(2φ− 2β),∆(θ−) = ∆0 cos(2φ+ 2β). (1.68)

Ωn,± = sgn(ωn)
√

∆2(φ±) + ω2
n (1.69)

R̄−1
N =

∫ π/2

−π/2
dθσN cosφ. (1.70)ÛÛ�σNÆÜÝûyÞøß��)Æ�àá�Ç�6ÛÆTanaka-KashiwayaøzùOâã�ªCdËJosephson²³Æä�Î�1.28øÏI6�CÈÉÆ2L�äå§��æç�ÓÔ°±�èTestaÉézêOYBCOéz�dc

SQUIDÎëÅOìí§éîP�ªC6ÈÉÆïðè1ñò²�óôé�õö÷øÎùëúCûüýþÿ��ªOÅ�6�õö÷ø�è1ÍÆFermi|}~��EF¿-����x�Æ>?�∆z�è��é>?Å�I�÷øþÇ�6ÛÛþ-��²�¡èFermi|}~��EF÷�Æ∆ 	ÔÆ
Æ�éÇ����É�ÉªOÅ�6úC¿êO1¡Æ�þÇ� ����$�ξè�îÜ��2�É
ξ ∼ ~vF

∆
(1.71)
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����������� !"#$%&�'( )*+,'-+#"'!� .$� &�'( )*+,'-+#"'!� 

�� !"#$%&�'( )*+,'-+#"'!� .$� &�'( )*+,'-+#"'!� �� !"#$%&�'( )*+,'-+#"'!� 
_1.27 d/0123/453/d/0123̀abcdfrsti

_1.28 Tanaka-Kashiwayam6789:;<d/=>Josephson ?@dABCDEi
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_1.29 YBCOm6qdc SQUID JKL<MN53)i=>Josephson ?@dABCDEOPQRcSqiþÚ0Éª�6TC²�DÆUVWXdèEF Y
d ∼ ~vF

EF
(1.72)þZ[úOÅ�6�õö÷øÆûüýþèEF ≫ ∆ YúOÅ�Æþ\ξ ≫ d Y]�6ÛÆẑéTanakaÉÆ_Lïðþè�õö÷øÎùëI�ÛYþI��¡ÆG����F�¿�̀]êOúT̂6¡ÆG����F�¿�̀]�C¥\̧�÷�éßa���bÔþÆcd�e�~ÆfD°±�ÎÃ�Ê̂ÛY¿þ?]Å6TCÈÉÆ[;óôþè\[;�̧éè_g§éhª¿]ÅiÆYúOïð�ªOÅ�jú�úkÓI��lÆG����F�èξ ∼ 10Å	ÔþÇ�jTCìmÆkÓI��lÎëÅC[néèop��bÔþÆhª¿±qI�jìmÆkÓI��lÆG����F�è��bÔþÆhªÆ�=Îrsþ?�tu�̀è]ÅYv�ª�jÈÉÆïðÆwxyYúO\ÛªÉÆzs§]�{¿Ã�Ê�ªOÅ]ÅÛY¿|}ÉªOÅC¿\ShiraièTanaka-KashiwayaÆ_Lèzs§]�{ÎÃ�®ªOiÜ�§éè~{è¶�É]ÅÛYÎÏúOÅ�49)jTCkÓI��lÎëÅCJosephson[nÆìíiÿ�ªOß��1.30éèI��l/�Ìl/I��l[n\�1.31þèI��l/�Ìl/I��l[nÆ�Î|}C52)jkÓI��lÎëÅCJosephson[nÆ�¢¦�YúO�i��§]Æè\�1.30½a¾éÏIẑ]��H�F�~��ÎëÅ�¦�þÇ�50,51)jÛÛþ��H�F�~��Yè\~��Æ¦�¿�]�æ~�Î��n�����ÆÛYÎÅ̂jÛÆ���é��·�kÓI��lÎ�����Y\�ª�ªÆ~��é�ê���¿¢�ú�Å�\��Î��n����̧��é�n¿þ�Ç¿�j�̧��Æ��è��� e�¡¢�úé̀Å�¥\ÛÆ��Æ¢~�¿hª\£����¤�¥���nY]�jÛÆ¦�è\��Î�����¦aþñ§é�n¿þ�Ç¿̈\©ªé«¬é�¢®þÇ̈\̄°±ikÅÆþ²
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Â1.30 0123/453/0123ÃÄÅÆÇÂ52)È(a) ÉÊËÌÍÎÌÏÐÑÃÄÈ
(b) ÒÓÔÕÖÔ×ÉÊËÌÍÎÌÏÐÑÃÄÈ(c) ØÌÙÚÃÄÈ

• pÛJosephson �n
Sr2RuO4 ÜÝn\dÞHß¡à

dk = ∆0(k̄x + iχk̄y)z, (1.73)Yáâþ��jããþ~�Üc �äz å�æçè�Á̈\Cooper »àab éýæF��êëìäíîãYæ]�.Fermi éÀ3 ïðÛñfºòóå¼]Ýnôõȫk2
x+ k̄2

y + k̄2
z = 1÷\

k̄z = ±1 Yø̂ÛñfºÜ2 yæùø�\úûcdüeý¡Àþÿæ]����À�q��À\�mæà2 ïð¼]�å±À�̀, (k̄2
x + k̄2

y ≃ 1), kz å�æàFermi éÀ	ø�ø��
æFermi é�æà���àrøY��·�ø�jχ = ±1 à����d�ä�
������òÁ̈\χ = 1 Ü��æCooper »Ü�»½���àc ��̈æ�Ü��χ = −1Ü��æà�Ü�äíîã�æ��(�1.32 ôa÷). ã·�2 îÜ���� �Ü!"à#$%�ù̈,&'()ÜÁ���*üòàχ = 1 Ü!"À�+�,Ü��*üòàχ = −1Ü!"À-.%�ø����·�/ãÜ²0æ1�ü323Ü&'()äáâ��æà4567�8À9:æ��À�Sr2RuO4 æùø�MARS À-.��;<à
d∗ kx,ky

· d−kx,ky
< 0, (1.74)���/ãÜ;<àky = 0�õö�=>éæ?@æAB��CDEÜFÀGH�ã�ÀIJ�/KèLSr2RuO4 ÜÝ=MARS à-.%LMNÜOPÜQìàRøMÜæ��/%
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Â1.31WXYZ/[\Z/WXYZÃÄ52)È]a_̂̀aÐÔ×È(b)bÌcËÔdÃÄÈ
(c) ÖÔ×]efghÌÕ̂ÃÄÈ(d) ÒÓÔÕÖÔ×iËjkaÐÔ×È

Â1.32 (a) Sr2RuO4 ÅWXYlmnopq2rsËhÐÓtÈ(b) Josephsonuvw
cxyz{|}~ab�̀�v�q�ÄÈ(c)JosephsonuvwcxÅ��nv�q�Ä.



38 ³1 µ́¶�%�ßü��Tü�V�ü1Ü��æàþÿ¹*û1��VÀ°·27–29)+Hßü����Ü��æùøLMþÿ¹*û1��VÀ���·Lø�.30)ãÜ�ÜJosephson��à��æ��Ü�8òáâ�·�54)/
J =

e

2

∑p T
∑

ωn

Tr

[

∆̂+â1

Ω+
− ∆̂†−â2

Ω−

]

, (1.75)

∆̂± =∆̂±kx,p, (1.76)

Ω± =
√

ω2
n + |d±|2, (1.77)

∆± = ∆(±kx,p), d± = d(±kx,p), p = (ky, kz) à�=é�ÜÛñÞVß�òÁ�/ãÜ�8à1 ïðs Û&'()ÜÝ=ÜFurusaki-Tsukada�8ä1�ü323&'()����� HMÜæ�èLø�.54,57)�8(1.75) à¡¢�£!"Ü&'()æ¤¥¦§��8òÁ�.�ü¡¢�£!"ÜÝ=æàM04%67�MÜæ��.54) ãÜ�8Ü̈©àªà«
Josephson��À2 îÜAndreev¬Bñ̂a1®̂̄a2 æ°èLáâ�±Lø�²æÁ�/

2 îÜ1�ü323Ü&'()Sr2RuO4 æ°èL³́)äà�µ¶�=ÜJosephson��M���±Lù«55–57)�·�ä̧1.33 æ¹�. 1̧.33(a) æàJosephson��Àab é

Â1.33 2rÅSr2RuO4º[\Z�g»¼½Ã¾�v�qJosephsonuvÈ(a)g
Josephsonuvwcxyz{|}~ab�̀�v�q�¾È(b)gJosephsonuvwcxÅ��nv�q�¾63)È�ä�±Lø�Ý=ô̧1.32 (b)¿À÷ä¹%H/ÁÂÜSr2RuO4 Ü�*�£ �ÀÃÄÝ=æà�ÅÆæùøLÇñÈ�ÆìÉ�Êä¹�ÅÆ�ËÀÌ�±�.�ãÍÎÁÂÜ

Sr2RuO4 Ü�*�£ �Î���Ý=�ÁÂÜ�=>éæ2 îÜMARSÎIJLø�æM��Ï�Ð�ÅÆ�ËàÌ�±�ø/NMNMMARS àCDEÜÑÒ��ÓH
æIJ�ÔÕ!"ò��*�£ �ÎÃÄÖ=æ×2 îÓMARSÓØòOPÙ�
Ú0°0



1.2�S1T�UV&'( 39æÑÒ%��*�£ �Î���Ö=æ×�
Ú0°0�ÑÒÎÛÜ�øÓ¶�ÝÞ��ß�ÎIJ�. MARSÓOPÎRàLMáâÓH
ãä HsåÓÖ=ãáæLçÜ�
Josephson��Î�±�ß�ã��.%�%�èãéê��°0ã³́)Ùë±HË'()ãìÜí��,ßÓ°0��*�£ �ÓîÎïL%+0/̧1.33(b)ã×Josephson��Îcðñòã�±Lø�Ö=ô̧1.32 (c)¿À÷Ù¹%H/ßÓÖ=ã×MARSÎòÜÐ���ÓSr2RuO4Ó�*�£ �ÎÃÄÖ=ãMÅÆãùøL-óÈ�ô�õø×�ø.+H��*�£ �Î���Ö=ã×Josephson��×�±�øöÎ�÷��ø�±Lø�.58,59)ßÓ�=ù×cð+Ï«ÓúûÇüÊÎýþLÿ«,�*�£ �Î����Üã�Josephson��Î�±��Ó×��Ó&'()ÓCooperÇÓå���Î@���ß�ãÛ���.�ñÈ&'()ÓÖ=��	
 ���Ó����0���Ó�ã��*�£ ���0�����ÎCooperÇã����¦§ÊÎÚ�. Sr2RuO4ù×2�Ó����(px�py)Î� %�N±!ã"#�Ù$ÄL%&·=��ß�ã°þL'(%Lÿ«,�ñÈ&'(Ó)*È+Ê,ùÚ�/ßÓ�*�£-���0./Î0Ó°0+1ù234ã(±�Ó�×567�89ùÚ�. Sr2RuO4Ã:ÓJosephson�=×ý;+Î!+¶'(<L�+�Î=>?@��Ó�A�£-���B./ÎCD4ã(±�E�<LFG¶�HÏ±�.IJKLMß±NùOæLÜPJosephson�QÓ3ê×=�ÓRSÎT£U�+VWù3XÈ+YÓùÚþPZ<�<'[ã\]ãë±Ó+��QÙ̂_��Ó×̀¦§ù=ë±P
-��aÎJosephsonbcãde�fgÙhæ+i±j+!+�ZP�ej'kãÿi�l�Ómn>?@o×pqÓrRãsþtut!vtÿw=xQ�Ó
-��a×y+wëzã+þt���{X|v�ZßÓsB+xQRSÓëvãsþt=ßvNùéê<tÜPNSxQÓ}~�A	����=JosephsonbcÓ�n��×��|v�ß��Ýþt��ZAsano×=ëvPxQÓ���<t=�ó?@��ãÚ�sB+�?@oÙ�ñ�>?@où���Josephsonbc����=Ý����Sy!��<P61)Z��p���
1.34���Z%�������� ���t�bc�¡<=¢£�']t�� ��<t¤�¥¦|vPJosephsonbc�¡<t��Zd§(100)xQ̈dx2−y2§xQ=α = 0©ª�¤�¥¦|vPbc�«�+��¬t®̄�=d§(110)xQ̈dxyxQ=α = π/4©�°®t�bc�±²<t<Nt®̄Z³������ ��®t́̄�=Josephsonbc�«����¬<t®̄�=� �st�bc����µ¶<t<Nt®̄Y�Y·̄Z��fg�¤�̧!¹�<t(v̄�=dxyxQª�MARS�� <t®̄Pº=̧!¹��Q®�dx2−y2§xQ�»¼t½¾®ZdxyxQª� �swbc�µ¶¿̄ÀÁ��?@oÂ�Ã-ÄÅÆa�ÇvÈÉ®B�ºtÊË�+./�stÌNt°w=·ÍyÎº{D¿̄ÏÉ�ª¾+®ZÐNw=�Ð�� �Ñ¿̄bcDÒp��ÓÔ�ª�ÕÖ=]t�� �×ØÕÙÚ�́®Û¿ÏÉ�ª¾Õ®�ª·̄ZÇvP�?@o����Sr2RuO4xQJosephsonbc�nÜÝÞÙYß�����|vt®̄62,63)Z��p���1.35��¿ZÏ����p��swà>?@oSr2RuO4�á
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æ1.34çèéêëìíîïðñdòóôJosephsonõö÷øùúûü61)ý

æ1.35çèéêëìíîïðñSr2RuO4óôJosephsonõö÷øùúûü63)ý
Sr2RuO4óôþsòóôÿ����L/ξD = 5, 10����é��	
��ý�L�çèé�÷����ξD(T )��ëì�������ý
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1.3.1./01234.56³7�b8�”b9”É”��Ä”�«:t®̄ÏÉ�;Ívt®̄<�=Ä>�?�@&ABàCDE�~�E�FG�Het¾IJKob8L�M��b8�«¿̄b9�NO:t¾I<³ÈàPQÙ�RS���Ä�·wàQTL�M���v�UVÕWXªNO:t¾I<:y:Õ�ÍàYZ[ªQÙo�\T]K�̂_|v̄ÏÉ�·[wÕÖàJKo�\8��Ä�NO|v̄ÏÉ̀ÕyI<Ïv���Ä�NO:ÕÖt̀abÉ|v̄L�M�cd�ef�ghª¾IÉ̀®ī�à��Ä�NO:sj�̀\8�]K¿̄k���Ä�lm:t:[®nop��Ä\8ÉqrÄ��Ä\8�st:t�u¿Ï̄É�ª¾ÕyIyÍª·̄<:y:à]KvMw�]K\8�¥¦xyz{sẁef||®à®$}̄~����oE��ȬÉ]KÂ���Ä��Þ|và\T]Kh����Ä��������̄�j�Ȭ<�����Õ�������8ª@́��IGMR(�½QT����)ª·̄66)<��È��À8��������u��I���8ª� ¡�¥¦xyz{�¢̀ef£®Iºà¤¥ª�¦�Ä�ÝÞ:I\8§Ç�\T�����:GMR�@h¿̄<Ï�
GMR�@́�Ä�©ªª«�¬́̀®̄�·̄̀�°I<±<²�[ª�QÙ³́�ª«µ́̄É²�¶�³́¬½¾Õ·̧µ�iI¹:º»Ú�@́¼#�½·¾º¼½#»�¿ÀÉºÁIÂÃ¬�Áz$�¾I�àÏ��Ä�@Å¼ÆÇ»ÚµÈ"ÉÊ¾Éºj¹:ºÂË¬�Áº¾<Ì<ÍÎ�Q½:ÏÐºQÙÑ�¿ÀÉºÁIQTpÒÓUÕh�ÔÕÖàQ½��ÕµÖi¾Ï×¬�¢]Kµ�uÐ¾QT���Ä¬Ðº�@ÅÔØ¾Ï×<Ù<QTÚoÛÕÜ¬ÝÞ¬ßàÐÖh�ÔØ¾Ï×<Ï�Í�áyâÍãÖ�³́ä�GMR�³́µ¼ÎåI<²:GMR�@ÅABàQÙÑ�]K¬_��æç�¾�j¬ÕÁI<GMR�Ä¼àGMRèoÛ×:ÐÔ¬gO½��é¢67)àTMR�Ä(�êëìQT���Ä)68,69)¼àíî¶¬¼ïð¬Ûñ¾ò×�¡ó��º¾MRAM(QT=êqônEõ¦~ö÷U)¬øO���j×:º¾<ù1.36¬TMR��×:Fe/Al2O3/Feú#Ô�QT��ûüµý:I<��¼±20 OeÔ�QðÔþÿ¬��:�±50 OeÔþÿ¬��:º¾<ò����Ö½¼Ì����Q½��z�×Õ���|���	�z�×Õ���
Õºò×µý:º¾<¦�ê¼Q�µ��Iå�QðÔ¦êµ��ÔÕ¾�æÔØ¾��Qð¼����u�ÔÕ��[��ð¬�¾¦ê������¼��È½¬�â�º�å�ø��¼�ðµ���º¦ê���á��ÔØ¾��ð�â�¢¬\ðµ�jò×¬Ð¾×�¦ê� !"���É#�$ÕµÐ¾�ò�¼!%&��!"��Ô'ºº¾()âçÅ¾×LorentzÖ*Ô(ð¼�ð¬Ö�¢¦ê¬·̧µ+,Ð�!%&��Ä¼-.¼���-2/¬0�1×23�º�4Ñ5Ô¼ß6� ¡�¬�¢í7
Õ��¾�²òÔ�¦ê¬891�:;¼�ò<=Ô(ð¬>Á(?1â@�1ò�âÁ�
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D1.36 Fe/Al2O3/FeEFGHIJKLM68)NO;ÑÔ2PQR<¾>S¬�ÁÕ��T��Ñ¬0UO;ÑÔ¼VWX(YÏÛWêZ�Ü[\]µ�̂¾@_̀Ø¾�à�O;Ñbcêµ@�Ð¾ò×¼deÔØ¾×R<fÕ���g�çh���Ñ×O;Ñ[ib¼j1000klmnopqr̀9sÐt�å�T��Ñ×O;Ñ×[úru�mfO;ÑbcêuPvwtò×xpyz{Øt×R<f|�âç{Øt70)�1â1�}sò<ç[dexR=~=���{��R<f|�71–75)��̂hl��T����O;�[ibX������u��w<h����̀��[c�����W�1f�z1T�����O;��[c�Pv[d�x��yz{�t��̀�&�b�R<�76)��[� ¡¢�b2£¤b¥mfT�����O;��[c�Pv̀����̀�yz{�t�mS¦§2�R<fmt77)��[5{2 O;��̈©ªr«¬b��R<t'®[�m̄°±()²c�[c�Pv��[³́P̀Qu�µfmt��g��h �[>S�O;�«¬b��R<t̄°±()²cb$¶c�� !"��u@�wt��{ c�·�̧c[�¹{�tc�FET((«º»¼X½�¾c�)[¡}̀¿ÀR<fmt��{�t78,79)�=� Ál c�ÂW�º»�mS}Ã̀PQuÄÅfmt��<xÆÇ�Èu�Ét��<�ÊË��ÌbcÍ�Î̀Î<tº»{�t��[cÍ�Îx(?[Î<uÏ��mÐÑ�cÍ�[Î<{ ��̂h�Ì|�ÒÌ|[cÍ�̀ÓÌ|bÔÕÎ<t2[{�t��[cÍ�ÎxcÍ���®[Ö{�×ØiÙÚb¹mfÛ�[{ØiÙÚ[Ü<f�mÝÞ{2ßàR<St��[º»̀4�5{[pÐáâãb>äfà�t��x1971�bw{båæR<fm�80)��<xpÐá̀ç�è{2 cÍ�� !"é�[�µbâãR<t()[cÍ�



1.3cÍ�X©êëc 43b891fâã[�Ìèbç%ìè̀íît��{�t��<x 4�5[pÐáb>äfà�t�µÆïècÍ�ÂW�º»�ðh<t��<�x%ñ�bGaAsòó[O;�{xpÐáb>��b�[cÍ�ÂW�º»̀à�t�mSô¹[�&̀2003�bõöb÷øR<����x��ë[p�O;�81){ ù�xú̈©ûü2°±n�O;�b¹mf82){�t��<xýïècÍ�ÂW�º»�>h<fmt��[ýïècÍ�ÂW�º»x�þbÿ�{|t�®b�|m����PQR<���[�[�&���{0��ë�W�òO;�{2pÐáº»̀�	{|òm��̀
�ä��ú̈©ûü2°±n�O;�{xýïècÍ�ÂW�º»xpÐá[º»�!�1f0bòt�ù�{p�O;�{[ýïècÍ�ÂW�º»xpÐá[�u�=×�Éòm�¹=×�n��p��{xp�[�S̀cÍ�ÂW�º»̀�ò×�|m�̀<xp�[�̀cÍ�� !"é�̀�|m��b%�1fmt�=��n��p��<�<b¹mf¡¢̀�
<¡�bcÍ�ÂW�º»̀ÿ�R<fmt�n¼b�wt¡¢{x�mn¼O;���b(Èu�̂f ��[�_{[��¬bÊËò��u�Wº»b>äf� 1���<b>×��[!�["b#äfcÍ�̀$Ö1fmt��̀%��bòä�&'1.37(83)��<xcÍ�ÂW�º»{íî�cÍ�Î̀��"b)¹�× $Ö1�2[�*̂�<t�p¼b�wt¡¢{xp¼O;�{[cÍ�ÂW�º»ucÍ�÷+,̧-W.&LED([ûüuéäf� 1��p¼O;�b(Èu�̂fcÍ�ÂW�º»{ÂW�[cÍ�Îu÷í1 �<�n¼O;���[()�u/0rR1f ÂW�[cÍ�23u45+�6fÿ�wt�mS�û{�× ¡�17�®[45+̀ÿ�R<�&'1.38(84)�=�Ál[÷8�6f9:�{�äf;cÍ�ÂW�º»̀à�t�mS�<�=�̀�× >x×PQu?µfmt85)�@A[BSbCD[;¹”CE”�”cÍ�”uFG6H6mIJëK©êëcuLü6BM�mM��NOuPÍ�K©êëP�ðQ{mt('.1.39Rñ)�PÍ�K©êëP{xPÍ� ST +UVWXW.Yòt��Z2[x}s÷8¿Y�× \]>̂T�u_µ̀aY
�×çbYc÷ò��U�
deft86,87)�gZ��hi�jkl�6�mn���ZoUpfU H�z÷}ZqjrM��;Y H6fs¿�·�̧Pjtuvwxyèjzµef{88–90)�@Ò|PÍ�K©êëPZ��6e2°±CD²P�}�è�~ST�ª� ��PÍ�Y��6�STY�j��w�è�ÐáY¹fe��{�
1.3.2�������°̄±CD�� ������YSij�feMOSFET(MOS¼C«º»K½�¾P�)Ué�d{��YBäe¡�6�∗���|� ̂T�ú̈©ª�(AlGaAs/GaAs,InGaAs/InAlAs�)Y¥fe;¡��def{���|�MOSFETY¥fe¡��d{̄°±CD²PY¹fe����� ̂T��̈©ª�Y¹fe;�dU¡��d{��Y¹fe��{��� SiMOSY¥É{̄°±CD�� �°±ẐT�|�{Si 9:�|�{SiO2�\]j�fe¡��d{�Si-MOSFET��¼ZSi,SiO2�\] ¡'.1.40Y¢wBM

∗£¤¥¦§̈©ª«¬®̄°±²³́µ¶·̧¹º£̧»¼½¾³́¿ÀÁÂÃÄÅ¤ÆÇÈÉÊ¾³Ë́ÌÍ£¤£ÎÏÐÑÒ®ÓÔÕ¤ÖÓÊ×ØÙ®ÓÚÛ¤ÔÕÜÝÎ²³¤ÀÁÂÃÄÅÞßà½¾¿Ïá̄ÓËÌÍÀÁÂÃÄÅÇâã©äåæçÅ¤èéÎ²³êëÓÔÕÞÓ½¾³́¿Í
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ï1.37ðñòóôõö÷øù83)úAûðñò÷óôõöüýûþÿ��������û�	
��÷�������úBû��÷��÷�÷ü���÷������ü�� 
!����ú"�#$û��÷%&�����ú
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ï1.38 LED÷,-ü./
ðñòóô��012
÷345ü67�8ú84)9ó8÷��û�b:;.<÷��=c>?@÷��&A@÷B8A��CD����EF�ú
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HIJKLM NOPQRHIJKLM NOPQRHIJKLM NOPQR

STUVWX

YZ[\]^_`
abcdefgh iejghekabcdefgh iejgheklemghndiohfnp iejgheklemghndiohfnp iejghek

qrstuav webiavxalygd gdzehfgnd fn lemgh{|kbce n} gdfpgdkghypnyepfegk n} lemgh{
qrst~V�tsS�

ï1.39ðñò����ð�������C����ð÷��ï



1.3�'(�)*+� 47

����
���� ��� ������ ¡¢£¤�¥¦§¨©ª«§�¨¬


® ®¯° ±

²³́
����
���� ��� ���� ��� ������ ¡¢£¤�¥¦§¨©ª«§�¨¬


® ®¯° ±

²³́

ï1.40 SiMOS÷��ïµ¶·̧¹º»�¼½��¾º∗¿ÀÁÂÃÄÅ�ÆÇ)ÈÉÊËÂÌÍ�¾ºÎÏÐÑÒÃ¶·ÓÔÕÖ×¾ØÙÇ(ÚÛÜÝÞ̧ßàÎÏÐÑ¼�º�áâ»�Öã¡¾äáº¿åØÖæäÃÄÅ�ÆÇ)ÈÉÊËÂçèéê¡¾ØëìÒíîÀÂïðñòóº»ôÂõæäÃö÷øëÏù�úËÂÓåäûüýþÿ���Âë�Ö���¾º(�.1.40�	)¿ÄÅ
ÆÇ)ÈÉÊËÂçèéê�¾Øö÷ø�ëÏÒ���Ö�áØêÃë�Ö��æØö÷øË�̧���¼��¼�º†¿»õâµ�¼ÒÃ�ÓG�µ���ôåäDiracý��õ�Å�¾º�'( !�"¹#HSOÖ$%¼�µ&µº91)'Appendix�	(:
HSO = µBσ ·

(−i~E × ∇

2mc2

)

. (1.78)

EÒÊËÂ)�ºë�ÃcÒ*�ÃmÒëÏ+,-ÎÃµB = e~/2mÒ./01ÏÃσÒPauli23̧4��ó¿�56 !�"¹#ÒÄÅ
7̧��óºëÏ+,-ÎÂ89:óº¿ÄÅ
7¼ÒÀÁÂëÏ+,-ÎÒ;�&µ�Ã+,-Î;�áÄÅ
<=>?Û@AÄÅ
Âµº¿åØÖæäÃ+,-Î;�µ>?Û@AÄÅ
¼4º<=�56 !�"¹#ÒB&µº‡¿4ºCD1�7ÂE�¾ØëÏFGH?/ÖI/J6�
∗MOSKLMNOPQRSTUVWXYZ[(metal)OM\]̂_(oxide)OO\̀ab(semiconductor)OSOcdeULYfLghijkYl
†InGaAs/InAlAsmngopqrstuvwOFermixyPvF ∼ 107[cm/sec]zy{|Y.92)
‡}~�������PGaAs/AlGaAs�{P���\InAs�\InSb�L�����g�Yg�tj��{����Yl
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µBσ·BÃ(BÒCD1�¿)¼4Ø��¾º»ô̧��ó¾�Ã(1.78)����Ò4Ø��+,�Â &1�¼4ºô¡¢óº»ôÖ¼�º∗¿

e

EZ

k

Beff

y

x

£1.41¤¥¦§̈©ª«¬®̄°§̈±²³́µ¶·̧¹º±́µ¶§º±́µ»¼½¾¿ëÏÒÀ56¿Áâ1ÂÃ/Ä6ÅÆßàØêÇCD1�¿õ�À56ÈÉÖ¡ÊËÌôÖÍ�ÎäáËÏå�åÐÖ�ÇCD1�Ðá�ÑÒ�ÇëÓÔBÕÖ�7Æ���Ò��óÎ�4×��1�ÆØÙËõÚ¿ÛÜÚÌôÝÒ�ËÏÌ+,1�ÔÖÓ��ýþ¿ÞßàÇá¿ûüÐýþÿ��Ë(�.1.41âAppendix�	Ï)Ïãä�ÇÌ+,�¿ &1�ÔåæçèÅHk¿éêëËìÕÚÌìÝCD1�ìíî�¿ïÐËð-Ò4ËÏä×ÇÀ56 !�"ñ#Æòóôõ
ö÷øùÑúû¿üý�ÎËþÿ�ÖÓ�Æ4��ë��HÅ�06H0 = H +HSOÔÇÖÓ��Æ4��ë�HÇÀ56 !�"ñ#Æ4��ë�HSO��Ç����HÅ�06ÒÃ�H��ÎËÌìÝÍ�ÎàÕË:
H0 =

[ ~2k2

2m i〈αEz〉k−
−i〈αEz〉k+

~2k2

2m

]

. (1.79)×	ßÇxy
ûÆÖÓÝ��Ò�Ëþÿ�
ûìßÇ�Î¿�Ð��Æz�ì��Ç
k± = kx ± iky, α = −µB~/2mc2ì��ëËÏÌ�(1.79)�ÔÇ½¾¿Rashba��HÅ�06ì��ÎàÕË93,94)Ï(1.79)�¿�ÕàÇ�Þ���ÝÀ56 !�"ñ#¿4×ËÏ〈αEz〉Ôúû¿)�ËÖ�����Æ4� ßà��ÇÀ56 !�"ñ#�B!Æ"�ëË#$Ä/%Ò4ËÏÌ�#$Ä/%Ô&'(¿"�!ÎËÏRashba��HÅ�06�)+*+Ô����Ú¿4×��ÎË'Appendix,-(:

∗InGaAs/InAlAs./0mng12Yv3L\vwOFermixyh45673P8GausszyL9:;YfL<{�Y79)l
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φks(r) =
1√
2L2

eik·r
[

isk−k
1

]

. (1.80)×	ßÇs = ±, k =
√

k2
x + k2

y, L
2Ô=ÿ�ÖÓ>À�û?Ò4ËÏ

Beff

£1.42 Rashba@ABCDEFGH@I»¼JKL(M):Ek+¶NL(OP):Ek−QRS¶MTU:Ek±VW°X·ªYZ¶OPTU:·̧¹º±́µ[R\]WJĈB¶_±X·ªYZ̀abFcdeZH0±X·fg(1.80)h±ijklQR°J
(1.79)mÆÞ��ëËìÇFGH?nopqrÔ����Ú¿ÐËsAppendix,-t:

Eks =
~

2k2

2m
+ s〈αEz〉k. (1.81)×	ßÇs = ±, k =

√

k2
x + k2

yÒuËÏvwëxyÌìÔÇ�ì�ÖÓÀz{Ý(1.81)m�)|*+ìßà}Õ~Óæ¿Ð�àÕÐÕÌìÒuËÏRashbaÀz{����ñ�Ý �=ÿ�ÖÓ>À�FGH?nopqrÔ�.1.42¿�ë�Ú¿ÖÓÝ|�(Ð��ÆØÙËÌì¿������nopqrÝ��ÅëËÏþÿ�
û¿Þß�Ð�����ËÖ�Ý��ÐÎ�ÐË��Ç�y�Rashbao�ëËÌìÝ �ËÏ�ßàÇFermiûEkF±�Æ��ëË)|Àz{����ì��{�åæÝ�Î ÎïÐËÏ¡�ÐÌìÔÇö÷øúû¿��ËÖ�Ýê¢ëËìÇ£¤��ÝÐÕ�ÑÒ¥Àz{o¦Ý§yàṎ©ìªü«©�Ö�¬£��®ë̈©ìÝªȳ°±²z{����ñ���!Ý®³µ́¶̈«



50 ·1 ¹̧º
1.3.3»¼½¾/¿ÀÁ¾ÂÃÄ��ðÅ/ÆÇõÅùÈÉÊË�ÊÌ±²z{±Í��ÎÏ�ÐÑÒÓ¡�¶ÔÕ¬Ö×ØÙÚÛÜÝÞvß¬à�Üá̈95)«��âÅ/ÆÇãÅäÈµqØ̈åæÉ�y�=Ïµoç�̄̈«Ø¶ è��âÅé²z{oêë¬ìẍåæÚ±Ýä�Ö¬ìẍåæªü«íîªÉ��âÅéïðñsexchange fieldtÉFermi����nÚòóÍéôn�néõ±öîªÉïðñÉFermi����nµ÷xÜøoùúáõµûüÓü«¶ý¶þïðñÓ�yáÚyÉ��âÅÿµ�§ú̄×Cooper�ÉØ�µ�̄ÜÛ���þªü«��²z{�êëé�	µÏáÜé
̈�Andreev�é��ª�ÊËÚ����é²��¬�ÏÊËÚþ�þ̄Cooper�ÓÆÇãÅ�µ��Ø̈«��âÅÿªÉ��é²��¬�ÏÊËé�Ó�¶á×�±²���êëé��á��âÅ/ÆÇãÅäÈªÉ©éAndreev�É�� ú̄±©é©ÚÓäÈÙé!��"#�²µ��¶$%¬&×�̈96)«'Å(µÉ��âÅ/ÆÇãÅäÈµBTK)º¬*+Û±!��"#�²¬,-Ø̈«©éÚ�²���êëÉ./01#µ¶2Üá̈«��âÅé²���êëÉ�3µ�	Ø̈éÓ4Ûáéª&̈Ó±©é,-5ÖÚ675Ö¬÷8Ø̈©Úª²���êë¬9:¥̈©ÚÓª�̈97–99)«;1.43µSoulenþµ<̈67é5Ö¬�Û×99)�AÉ=ÇãÅ/ÆÇãÅäÈµ>ç̈Andreev�é��¬Û�ÛÜá̈«©éÚ�Andreev�É ú̄Üá¶á«�*Ø̈675ÖÓBª&�Cu/NbäÈµ>ç̈?�!��"#�²ÉAndreev�µ<2Ü@ÊAª��¶B¬Ú2Üá̈«��CCÉ�DâÅ/ÆÇãÅäÈµ>ç̈Andreev�é��¬Û�ÛÜá̈«�êëÓ100EéÚ�FermiFG��1µminority²��ÉH¢Û¶áéªAndreev�ÉIJµ ú̄̈«�*Ø̈675ÖÓDªCrO2/Nbµ>ç̈?�!��"#�²ÉAndreev�é µ<2Ü@ÊAª�� ú̄Üá̈«KµLDâÅ/ÆÇãÅäÈµ>ç̈ÝäMÖµÏáÜN
̈«DâÚO�PQ�RÆÇãÉSéâTUþVWÛ¶á«ïðñÉCooper�é²��¬òó��µX�<�ÚØ̈Uþª&̈«©éMÖÉ=DâMÖÚ<°̄̈100)�AndersonÚSuhlÉÆÇãÅÿªÉLDâ(Y¹É§©Zµ�á©Ú¬Û�Û±[�\¶D]Y¹Ó̂̈̄©Ú¬_̀Û×101)«aþÉS̄¬cryptoferromagnetÚ<bc«ÆÇãÅé!d1Q�²eµf×2ÜghØ̈ÚïðñÉ0µ¶̈éª�LDâÚÆÇãÉiHÛjØ�±klmno¬pqá�ÏUérTª6̂ÛÜá̈Ú̀f̄Üá̈102)«LDâÚÆÇãéiHÉsÝµ¶2ÜUGe2

103)ÚURhGe104)ª6̂ú̄Üá̈©ÚÓt9ú̄×«©̄þérTªÉLDâÚÆÇã¬iHúü×�RvwQxRÆÇãyzµ¶2Üá̈«{|"érTªéLDâÚÆÇãéiHÉU¶Z4ÛáÓ±LDâÅ/ÆÇãÅäÈªÉ÷8(}~µUÏ��(µ6̂ª�̈«ÝäMÖµ<ZCooper�ÉLDâÅÿµ��ÛS©µÆÇã¬�§Ø̈«©̄µ<2Üï�ñé�ÚªéÆÇãéâT¬ì
̈©ÚÓª�̈«�×±LDâÅÚÆÇãÅé�é�ú¬����Ú��Ïé�ÈØ�Y�éLú���(�����é��67(�ì�������DâÚÆÇãé�����ì
��ÚÓ�����éy���éÆÇãÉ���âT��2Üá��
1964ÞFulde-Ferrel105)ÚLarkin-Ovchinnikov106)�FFLO ÉS�¡�¢W��@£�
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§1.43©̈ª«/¬©ª«®̄°§±²³́µ«/¬©ª«®̄¶§±·̧¹º»¼½º¾99)¿LDâ(�ÀÁãÂÿ�ÃÀÁãyzÃ[�\��2Üá��Ú�_̀Û×�CeCoIn5�
FFLOyzéHÄ�ÅÆØ�67107)Ã&��éé�DâÚÀÁãé�âéÇúUþ�é_̀�67(�ÈU��éÃ}~�Ã�á�6É�h�ï�ñÚØ�Ú��ÃFG|Ê1ÊËxw∆<Z�Ì�áéÍÎÏ�&�Í�s-ÐÀÁãÂ�Ãh < 0.754∆105,106)�d-ÐÀÁãÂ�Ãh < 0.754∆108)ÍÑ×ú��Ú�éÒFFLOyzÍHÄ����ÚÍÅú�Üá�����LDâÂ/ÀÁãÂäÓ�Ã�é[�\�ÀÁãyz�mÔé�éÍ̂���LDâÂÿ�Ãï�ñ�<ZÕxw¤��Ö×Ø�¤��éÙÚÛéÌ�ú�ÜÝÍ̂���SéÞ��LDßÂÿ��àú�ÞCooper�ÃáâÙÚÛ��ã�ÀÁäÂÿ�éÐÚ��Ψ�áâÙÚÛUþéåæÍçfZÐÚ��ÃΨei2QxÖ���;1.44èé ����QÃCooper�êáâÙÚÛ�Q ∼ vF/EF�æ�þ��vF�EFÃS�¡�FermiëìCFermiFG|Ê1�&��Õxw¤��Ö×Ø�¤�����í�ÞCooper��HÄî�ÐÚ��Ãò\�îïΨe−i2QxÖ�����þ2ðêÐÚ���Þî&fu��Ö�sñ(�ÐÚ��ÃΨcos(2Qx)Ö�Zòó(�ôÚõ��ÖÍfU�109)��êöÕô÷êòó(ôÚÍÏ=êøùMúÖÃû��üý�̂þ�ÿ�à�õ�ÖÍsø��2ïfU2ï�Þ�Kontosþ111)ÃLDßÂ/ÀÁäÂ�PdNi/Nb ùÓ�>��LDßÂÿêyz�ì��	îÞ�;1.45èé �aþÃöÕô÷ê��Í��î�Ý
0yzÖ<�����Ãyz�ìÃÏ=êÊËxw(��	��2ïÝÞê��î�öÕô÷ê��Í��õ�
yzÖ<�����Ãyz�ìÃ�¥FG|Ê1��1"��ð�
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§1.44³́µ«̄F±/¬©ª«̄S±®·̧���̧��·̧Cooper��F�·��������109)¿Ö�t9îÞ��êyz�ìê�¥FG|Ê1�1"Ã=ÁäÂ/ÀÁäÂùÓ�Ã�îï�̂��Öê�Ý�ê�&���ÞCJosephsonùÓ�� !"Ý̂þÍ&#f���ÀÁäÂ/LDßÂ/ÀÁäÂùÓ�>ÝïCooper�êô÷êòó(ôÚêÐeê$�ÍLDßÂêe%�&îÝÖ�LDßÂêV'�öÕô÷ê��Í�fZ���ÃÀÁäÂ/=ÁäÂ/ÀÁäÂùÓ�êöÕô÷��#
(�Í
��Þ�Ö���ê�
ùÓÖ)����;1.46èé �����*îïÀÁäÂ/LDßÂ/ÀÁäÂùÓ�êJosephson+,Ã��������ê�ÖÃ-30./�Bulaevskii#�<2ï_̀%�ïÝÞÍ110)�sø��2ïRyazanov#�<2ï67(�È0%�Þ112)�;1.47�67;Ö12+,ê£ì3Hß�a �ÅîÞ�
Nb/CuNi/NbùÓÍ+Ý#�LDßÂêe%dF = 27nmêÖ�
ùÓÍ̂���ÖÍfU2Þ�4Þ(b)�ÅîÞ<5��ê5úÃ678Green����<2ï)�(�9:%�Þ����̂�Þ
ùÓÃKê<5�9:Í���&�112)�;Nõ�Usadel��<�=>�îÞ�êê?�öÕô÷ Ã@AôÚB�ω = πTÖîÞÖC

Ψ ∝ e−x/ξF ≡ e−x/ξF1−x/ξF2 (1.82)

ξF =

[

DF

2(πkBT + iEex)

]1/2

(1.83)
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§1.45 Cooper�̧GḨIJKG�¿LM§N³́µ«/¬©ª«̄F/S±®OPQR³́µ«�̧STUV111)¿
ξF1,2 =

[

DF

[(πkBT )2 + E2
ex]

1/2 ± πkBT

]1/2

(1.84)ÖU������DFÖEexÃW�¡�XYßÂêZ[\BÖ]�̂�_��̀oBêabcdE¤eξF�fgöÕô÷ÃξF2êhi�ôÚîξF1ê¤jc|�klõ��ÖÍmn��Eex ∼ TêÖC£ìêkoÖÖp�ξF1ÃqçîξF2Ãkoõ��Wêrú�£ìs��fgôÚêhiÍsmgXYßÂê_�t�êöÕô÷ê(��un#
�sv��ÖÍ�C����4�ÃXYßÂ/ÀÁäÂùÓ�w��øùxú�ÃXYßÂêY�Íyz�̂Ó�{\îïCÞ�|ÉêXYßÂÃy}�Ã~��E�	�p�ïÝ���êf5��yz�XYßÂ/ÀÁäÂùÓ�ÃÀÁäÂÍ�E�d���_��pnnm#��XYßÂ��@AôÚBê�BÖîïý�B�_����d����äÍ�à%��ÖÝ5�ÖÍ�ø��%�Þ115)������îÞ|�ÖîïGiroud113)#�Petrashov#114)�f�|��_�#��� #ê|��¡��ä¢�ù£îÞXYß¢ê¤¥��{¦§�koõ��̈�©ª%�«�|��¡W�¬�NiCo®̈5X®XȲ¢�°®±®��XȲ¢�f���²³µ́�¡�³¤¥¡o¶¶ns�¶�®¡��_��¶n¶�¤¥³ko¡10·̧¹_gº»x¼�e½¾�m«�±®�̈¿v�À�Á9:�C�®�������d����²�ÂÁ�³f5�X®]Ã̂³Ä�p�4��Å�²¢Æ�¶Ç�È�ÉÊn³fË�
CooperÌ¡XȲ¢Æ�e½¾�m«�±¶Ç�È�®Ê�̈��C�ÍÎ1.48ÏÐÑ�f�±��Â³|�¡�³ÒÓ����d��CooperÌ³ÔÕ�Ö×¶±®�̈®v��
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�1.50
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1.4uvwGreenxyz{|}~��§�t�<�©���D����Î@���§���ù�����1960���Konstantinov-Perel124)�Kadanoff-Baym125)�<����ê���1964�Keldysh�Greens�t�������D� ¡��@����¢£�ù��÷Gè¤��126)¥¦�§ïKeldysh��t������̈©�ªö@���«¬���®̄°±²�F³?�́�-�� ¡��®234µ¶·̧127–129)®¹ºr»¼¤130–133)®3He�¢£�ù��¤½134,135)®¾1¿À¤Á��ÂÃÄÅ136–138)®µÆÇ�È��ø@�Langevin�ù�139,140)É��Ê�9����¥»¼¤�Ë���ÌÍ�KeldyshÎÏ²�ÐÑÐ�ÒÓÔÕ²É¬Ö×ØÙ�ÚÛ��È�-ÜÝÞÎÏ²�ÐÑÐ�ÒÓßàá�â�ÉÕ�ÛÉÉ�141,142)¥ã��<��
Keldysh��t�»¼¤Á�ªä@���åæçÉè}éêDëìÞ�íDîïðÉñ²òóâ��ã�ôæõ�É�¥
1.4.1 Keldyshö÷ø�äù�úû�üKeldysh��t126)�»¼¤Á�¢£�ý��¤¬��«¬����þó®ÿ�ÏGreens������Keldysh��t����Ûºr����²É¬¹ºr�����ß��	²
�¥�®

ψ (r, t) = exp (iHt)ψ (r) exp (−iHt) (1.85)

ψ† (r, t) = exp (iHt)ψ† (r) exp (−iHt) (1.86)

x = (r, t) , ψ (r) =
1√
V

∑

k

eikrck, ψ
† (r) =

1√
V

∑

k

e−ikrc†
k

(1.87)�þ
¿�úû����¥
Ĝ11(x1, x2) = −i

〈

T
(

ψ(x1)ψ†(x2)
)〉

(1.88)

=

{

−iψ(x1)ψ†(x2), (t1 > t2)

iψ†(x2)ψ(x1), (t1 < t2)
(1.89)

Ĝ12(x1, x2) = i
〈

ψ†(x2)ψ(x1)
〉

(1.90)

Ĝ21(x1, x2) = −i
〈

ψ(x1)ψ†(x2)
〉

(1.91)

Ĝ22(x1, x2) = −i
〈

T̃
(

ψ(x1)ψ†(x2)
)〉

(1.92)

=

{

−iψ(x1)ψ†(x2), (t1 < t2)

iψ†(x2)ψ(x1), (t1 > t2)
(1.93)��úó¿�ô�ó�Ë¥̂

G12 + Ĝ21 = Ĝ11 + Ĝ22 (1.94)
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Ĝ =

(

Ĝ11 Ĝ12

Ĝ21 Ĝ22

)

, L =
1√
2

(

1 −1

1 1

)

(1.95)�þ¬�¿����úó̂G�̂
G→ Lτ3ĜL

† =

(

GR GK

0 GA

)

(1.96)

GR = Ĝ11 − Ĝ12 (1.97)

GA = Ĝ11 − Ĝ21 (1.98)

GK = Ĝ11 + Ĝ22 (1.99)�É�¥ã��Keldyshñ��Ú�133)¥
1.4.2 Gor’kov��÷

BCS Hamiltonian�
∫
[

ψ†α

(

−∇2

2m
− µ

)

ψα +
g

2
ψ†βψ

†
αψαψβ

]

d3r (1.100)��Õ�¥ãã²
ψα (r, τ) = exp (Hτ)ψα (r) exp (−Hτ) (1.101)

ψ†α (r, τ) = exp (Hτ)ψ†α (r) exp (−Hτ) (1.102)

ψα (r) =
1√
V

∑

k

eikrckα, ψ
†
α (r) =

1√
V

∑

k

e−ikrc†
kα (1.103)²��¥x = (r, τ )��¬ã���¥

Gαβ(x1, x2) =
〈

Tτ

(

ψα(x1)ψ†β(x2)
)〉

(1.104)

=

{

ψα(x1)ψ†β(x2), (τ1 > τ2)

−ψ†β(x2)ψα(x1), (τ1 < τ2)
(1.105)

(1.106)�����Heisenberg�¢£�ý���û�
∂Gαβ(x1, x2)

∂τ1
= δαβδ (x1 − x2) +

(∇2
1

2m
+ µ

)

Gαβ(x1, x2) (1.107)

−g
〈

Tτ

(

ψ†γ(x1)ψγ(x1)ψα(x1)ψ†β(x2)
)〉

(1.108)
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〈

Tτ

(

ψ†γ(x1)ψγ(x1)ψα(x1)ψ†β(x2)
)〉

= −
〈

Tτ

(

ψγ(x1)ψ†γ(x1)
)〉〈

Tτψα(x1)ψ†β(x2)
〉

+
〈

Tτ

(

ψα(x1)ψ†γ(x1)
)〉〈

Tτψγ(x1)ψ†β(x2)
〉

−
〈

Tτ
(

ψα(x1)ψγ(x1)
)〉

〈

Tτψ
†
γ(x1)ψ†β(x2)

〉

(1.109)�É�¥
−
〈

Tτ

(

ψγ(x1)ψ†γ(x1)
)〉〈

Tτψα(x1)ψ†β(x2)
〉

+
〈

Tτ

(

ψα(x1)ψ†γ(x1)
)〉〈

Tτψγ(x1)ψ†β(x2)
〉

= −
∑

γγ
(x1)Gαβ (x1, x2) +

∑

αγ
(x1)Gγβ (x1, x2) (1.110)

∑

αβ
(x) =

〈

Tτ

(

ψα(x)ψ†β(x)
)〉

(1.111)��¬¥�(1.111)� !"#Þ$Ý��û¥
F †αβ (x1, x2) =

〈

Tτψ
†
α(x1)ψ†β(x2)

〉

(1.112)

Fαβ (x1, x2) =
〈

Tτψα(x1)ψβ(x2)
〉

(1.113)

Gαβ(x1, x2) = −
〈

Tτψ
†
α(x1)ψβ(x2)

〉

= Gβα(x2, x1) (1.114)

∆αβ (x) = |g|Fαβ (x, x) (1.115)����¥�®∆αβ (x) = −∆βα (x)²�ó®��Ï ¡���%&'�()*É��+��¥ã��
®
∆αβ (x) = iτ

(2)
αβ ∆ (x) (1.116)

Gαβ (x1, x2) = δαβG (x1, x2) (1.117)

Fαβ (x1, x2) = iτ
(2)
αβ F (x1, x2) (1.118)��Õ�¥ !"#Þ$Ý�µ�,ó-.�

(

∂

∂τ1
− ∇2

1

2m
− µ

)

Gαβ(x1, x2) + ∆ (x1)F † (x1, x2) = δ (x1 − x2) (1.119)�Éó®G,F,F †�Ë��ß/0�*�
Ǧ−1 (x1) Ǧ (x1, x2) = δ (x1 − x2) (1.120)

Ǧ (x1, x2) ≡
(

G (x1, x2) F (x1, x2)

−F † (x1, x2) G (x1, x2)

)

(1.121)

Ǧ−1 ≡ τ3
∂

∂τ
+ Ȟ, Ȟ ≡

(

−∇2

2m − µ −∆

∆∗ −∇2

2m − µ

)

(1.122)�1�¥ã��Gor’kov�ý��ÚÛ�»¼¤Á�23�4ù�����56É�ý�²��143)¥
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1.4.3789:;<=*�FermiÈ�Ç������ú¬>��?��*�¾@ABCô��144)¥ã�?��DE®º����»¼¤Á������Eilenberger130)�úóFGØÙ²��	H���Eliashberg131)�ã�?��¹º���IJ�²
KúûILM	*�¥
p+= p+k

2
,p−= p−k

2
�þ
®pF ≫ ξ−1ô�ó�Ë�N���àOK¥ξ�íPÝQ'%R²ξ−1 ∼ ∆

vF
²�K¥¾@AGreen���¿�úûI��H�K¥

gωn (p̂,k) =

∮

1

πi
Gωn

(

p+,p−
)

dξp (1.123)

ḡωn (p̂,k) =

∮

1

πi
Ḡωn

(

p+,p−
)

dξp (1.124)

fωn (p̂,k) =

∮

1

πi
Fωn

(

p+,p−
)

dξp (1.125)

f †ωn
(p̂,k) =

∮

1

πi
F †ωn

(

p+,p−
)

dξp (1.126)STU�FermiV�Wó�X�Y.úûIòK¥Gor’kov�ý��Fourier��*�
[

Ǧ−1Ǧ
]

= 1 (1.127)

[AB] =

∫

A (p+,p)B (p,p−) d3p, Ǧ−1 = Ǧ
−1

0 + Ȟ − ˇ∑
(1.128)

Ǧ
−1

0 =

(

−iω + ξp + vk

2 + k2

8m 0

0 iω + ξp + vk

2 + k2

8m

)

(1.129)

Ȟ =

(

− e
cvA (k) + eϕ −∆ (k)

∆∗ (k) e
cvA (k) + eϕ

)

, Σ̌ =

(

Σ1 Σ2

−Σ†2 Σ̄1

)

(1.130)ô�OK¥/0I*�
[

ǦǦ−1
]

= 1 (1.131)

Ǧ−1 = Ǧ
−1

0 + Ȟ − ˇ∑
(1.132)

Ǧ
−1

0 =

(

iω + ξp − vk

2 + k2

8m 0

0 −iω + ξp − vk

2 + k2

8m

)

(1.133)

Ȟ =

(

− e
cvA (k) + eϕ −∆ (k)

∆∗ (k) e
cvA (k) + eϕ

)

, Σ̌ =

(

Σ1 Σ2

−Σ†2 Σ̄1

)

(1.134)

(1.135)�ÉK¥�(1.127), (1.131)úó
vFkǧ − iωn (τ̌3ǧ − ǧτ̌3) +

[

Ȟǧ − ǧȞ
]

= Ǐ (1.136)

Ǐ =
[ ˇ∑

ǧ − ǧ
ˇ∑]

=

(

I1 I2
−I†2 Ī1

)

, ǧωn (p̂,k) =

(

gωn fωn

−f †ωn ḡωn

)

(1.137)



1.4¹º�Green��� 63ô�ó�Ë¥�(1.136)�Eilenberger�ý��Zû¥��Fourier�����K�Eilen-

berger�ý��¿�úûIÉK¥
vFkǧ − iωn (τ̌3ǧ − ǧτ̌3) + Ȟǧ − ǧȞ = Ǐ (1.138)

ǧωn (p̂, r) =

∫

d3k

(2π)3
eikrǧωn (p̂,k) (1.139)L0ÉÇ²�¿��[ô�ó�Ëô��ã��+�K¥

g + ḡ = 0, g2 − ff † = 1 (1.140)ã��®\]	̂_̌g2 = 1ô�ó�Ë¥̀(1.138)�¿aúûI�
�OK¥
−ivF ∇̂ǧ + Ȟ0ǧ − ǧȞ0 = Ǐ (1.141)

∇̂ǧ =

(

∇g
(

∇− 2ie
c A

)

f

−
(

∇ + 2ie
c A

)

f † −∇g

)

, Ȟ0 =

(

−iωn −∆

∆∗ iωn

)

(1.142)¿Ib��Xc®Ë�ó¿â_ôd�H�K��àOK¥
1

τ
≫ Tc, i.e., l ≪ ξ0 (1.143)ãã²τ�ef�Ï®Tc�ghiÄ®l�ºj kÒý®ξ0�lmnÄ²aíPÝQ'%R²�K¥åopIúóqrôs¬t¶H�K�®¿a0I�ÕK¥
ǧ = ǧ0 + v̂F ǧ (1.144)

|g| ≪ g0 (1.145)ãã²̌g0uvFI()vw®̂vFu¢£xyza{|}ïðÞ�K�Eilenbergeryý̀�\]	̂_úó̌
g = −ltr ǧ0∇̂ǧ0, ltr = vF τtr (1.146)��ÕK¥ãã²τtruºj~��Ï²�K¥��Ça¿À®D = 1

dvF ltr��t���*�
iD∇̂

(

ǧ0∇̂ǧ0
)

+
(

Ȟ0ǧ0 − ǧ0Ȟ0

)

= 0 (1.147)ô�ó�Ë¥ã�uUsadelyý̀�úÛ�»¼¤B������K��I«¬�����K145)¥��DB®¹�ñë����Þ146,147)�ßãaUsadelyý̀ô¤��148)ü
Coulomb ¡��É��òóâ��ñI��H���K149)¥
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1.5 Nazarov��������
1.5.1 Kirchhoff���� ¡¢£¤¥¦§q̈©UIª�«KKirchhoffa�¬u�ß�56®ßā°±�Iúó²³�́µ°�K�u¶µI¶ù�
a·a̧�²³�{o®ÞÝÞaß̄¹ºKãô̄
KúûI®»�¼ã��½¾¿ÀN¾¿À�Á®K©UI��*úûKÂÃôNazarovIú»�®H��150)¼ÄuÅAndreevÆÇaÈÉÊËð��Å��óª*°·a̧�²³�{o®ÌÉÌaÍ̄¹ºKã�æõI*�¼��ãa��unon-collinear®Î	�ÍÏsÎ2ÀN¾¿À�Á®K©UI��H��151)¼ãanon-collinear®%&'a~�ÐÑa��̄Ò���ÓÔ®ÕÖumixing×'ØÙÚ'%̄�Û°%&'qÜIÝÞH��Î	aßÌÙ152)°sÎ2À̄aGilbertØ'&'�153)àsÎ2áâIãÛÝÞH��%&'äå154)®�æ�I��ç»��K¼èaÈÉÊËß��Iã»�3éra%&'ßê'ë%Ú®�ÍìíH���K151,152)¼HÁIHernandoÁIã»�ÈÉÊËß��u½¾¿À°sÎ2À°N¾¿À�Á®K©UI��H��155)¼ÈÉÊËß��aîïuðñaér�Á®Kòó%×&ËÙ·IôõK~�[ñ�¹ºKö{®?��÷OKè̄�K¼èaèuøÀ6®ëùòßúÉ�ûcaÔüIã»�ýþH�Kßÿ�ëÉ6I��®ÈÉÊËßI���KèIã»���H�K�	1.51
�Kirchhoffa�¬̄uqÜa�)¬Ô�H��°ÈÉÊËß��̄u�ßúËÙ�qÜ��Íaa���Ô��K¼èa�ßúËÙ�qÜa��IãÛqÜ���°Lȳ�@AGreen�ñIm�K��̂_¿��Kā�K¼��èaÈÉÊËß��u�y�½¾¿ÀN¾¿À�Á®K©UIÍ��H��37–39)¼���̄uèa���Á Á�K��̂_�!�Kā"#̄$�«%&�'¼�w°	1.52aã�®(¾¿À/l)À/½¾¿Àa�̧�*+'.(¾¿Àa,-Lu./01j2k�3ℓãÛÍ450,��'.��Green�ñ6789:;x<=>6Ã�*+�?45�'.èè̄@AKeldyshBC6Green�ñ̌GN (x)�(¾¿À6DEF̄G�ã�.

ǦN (x) =

(

R̂N (x) K̂N (x)

0 ÂN (x)

)

,HIJ5̂gR0 (r),KLJ5̂gA0 (r), KeldyshJ5̂gK0 (r)M̂RN (x), ÂN (x) K̂N (x)N�O.
KeldyshJ5;,HIJ5KLJ5�Á̂KN (x) = R̂N (x)f̂1(x)− f̂1(x)ÂN (x)÷+ÁP'.èè̂̄f1(x);5Q�ñ̄"#RS'TUÍ6̄�'.(¾¿À6Green�ñ̌GN (x);,@AKeldyshBC6Usadel=3CMVO�.145)

D
∂

∂x

[

ǦN (x)
∂ǦN (x)

∂x

]

+ i
[

Ȟ0, ǦN (x)
]

= 0, (1.148)èè̄D;(¾¿À6WXYñ̄,�µ̌H0;
Ȟ0 =

(

Ĥ0 0

0 Ĥ0

)

, (1.149)
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Z1.51[\]̂_̀abcdZ36)efghi_jkl\mnopqrstuvwqx[\]̂_nyz{|xehi}~�������\�n��{|xe}~��\�iGreen��n�������w|xe�÷+ÁP̂H0 = ετ̂3��'. Green�ñMRS'OS0;�=3CM�Á�6����6#����Ô�'. x = −L0ô��������� (¡¢£¤¥¦§��¤���' �'..=(¡¢£ ̈¡¢£ 6�©0ô��;,
L

Rd

[

ǦN (x)
∂ǦN (x)

∂x

]∣

∣

∣

∣

x=0−

= −〈Ǐ(φ)〉
Rb

, (1.150)

〈Ǐ(φ)〉 =

∫ π/2
−π/2 dφ cosφ Ǐ(φ)
∫ π/2
−π/2 dφ cosφ T (φ)

, (1.151) ���YCMVO�è ª«P��'.èè�¬;,Usadel=3C�®̄�OÜP0°±�,²;(¡¢£ ̈¡¢£�©�6ÜPMEilenberger6��0³́��®̄�Oµ6��'.$��;¶6·�þT'�©̧¹º »¼ú½¾��¿MÀÁ���OÂUO�.�©�6(¡¢ÃÄ6¦§Rb;
Rb =

2R0
∫ π/2
−π/2 dφ cosφ T (φ)

(1.152) Sharvin¦§R0MµÅ��N-P'.ÆÆ�T (φ);Ç)£6ÈÉÊË�¡¢DE0�'(¡¢£6 U�ÌÍÎφ�Ç)£0ÌÍ�'�ÏÐ6ÑÒÓ��'Ô
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x=0−L1 −L2 L1

g
1
g
2

GN (x)

G2 (x)+

G2 (x)−

L

∆−

∆+

φ

− φ

Z1.52ØÙÚÛ/ÜÝÛ/ÞÙÚÛbßàZ�NazarováGreen��âfãäxåænçèåéêëeìí;»¼î½¾��¿ ï?P'̌I(φ)MRS'ð0ñò-P'.C(1.150);Greenóô�õ�O�'ö6¿P6÷ø6ùúû0°±ü,KeldyshJ56ý�̂τ3J50þÿ�' Æ�0ò��P?��0��'�¿6ùú0�'.����;̌I(φ)	
©�6Greenóô�M
©�«��PO��0��'����GreenóôM���N-�� ����Æ 0��.-«0�����6;,�=�WX��µ��=;ÊË��¡¢DE�6�.�GreenóôM¤��U���� !P�."Æ�#��6�, Nazarov�s$̈¡¢£�¢ÌüO
©6̧¹º���	%1.52�.150)%1.52�&�'��(¡¢£ ̈¡¢£6¤)A−L1 < x < L1;WXDE ÊË�DE�«��.¬É6(−L1 < x < −L2);WXDE�−L2 < x < 0 (0 < x < L1);,ÊË�DE ��.ÆÆ�(¡¢£6WX*
ξ1 =

√

D/2πT;, ξ1 >> L1 >> vF τimp ξ1 >> L1 − L2 >> vF τimpMV+�� ,F��ÔvF;(¡¢£6Fermi-ø�ℓ = vF τimp�./«P�.0O
©�;Ç1£��2î3�ú4ü�	X5DE�ÆÆ�;,¹º6óô789:;<ºHbδ(x)�N�Æ ���.�Ð=ÌÍÎøMφ �P?ÑÒÓ;T = T (φ) = 4 cos2 φ/(4 cos2 φ+ Z2),�./«P�.ÆÆ�ÑÒÓM>?@��AB�CDEF6FZG, Z = 2mHb/(kF )�Fermi$ôGkFHIJKGm�./«P�.0LÆ=DE=ý=GreenóôMM/ON,"P«MOPQM��Æ �RSTGreenóô=U�V�WXY�Æ ���.üZ«�G−L1 < x, x′ < L1����[\Gor’kovGreenóô̌Gn(ε, x, x
′)�]���ÔÆÆ�nG¡¢̂<_ºẀü(ÌÍÎφ�ab��)(¡¢£ ̈¡¢£Gc«�
©�de«f���=�,
©�cghi=jkK=l��̂<:_º=mnWopqr�.
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Gn(ε, x, x

′) =
∑

σ,σ′

exp(iσ | kFx | x− iσ′ | kFx | x′)ǧσ,σ′E,n (x, x′) (1.153) ̀�Æ qwxyóôW¢Ì��. σ, σ′ = ±1Gx=±zÅ«=hi�¡{��=� |�hi=mnq��.ÆÆq}f�̌gσ,σ′E,nG~�=Greenóô̌Gn(ε, x, x
′)=����-|Uk\W��ü�Greenóôq�Fermi$ô=x��=�ô1/kFx�þY����������Q��.wxyóôG,Eilenberger=h��

(

iσvn
∂

∂x
+ Ȟ(x)

)

ǧσ,σ
′

E,n (x, x′) = 1̌δ̃(x− x′) (1.154)W���. vn = vFxGFermi-ø=x��q��.ÆÆq̃δ(x − x′)G,Fermi$ô'�µ���*|���ü�����RST����q=�º6óôq���̌1G4g4�qõ|���g�q��.����É=ÊË�� =*�L2Gvnτimp�þY����¡|���.0�,
Ȟ(x) =Ȟ0 + ∆̌(x) + Σ̌imp(x). (1.155)q./�f, Σ̌imp(x)G¢£¤¥5�ú4���¦�§̈�©ª«_¬Fq,(®̄°=±q0qG�|²W��. Born�³W#|�́�q,Usadel=Greenóô̌GN (x)W#|�̌Σimp(x) = iǦN (x)/(2τimp)�̀�f�.���µ®̄¶389:;<¬�·̧��©ª«_¬FGx < 0q̌∆(x) = 0,x > 0=̌∆(x)G

∆̌(x) =

(

∆̂σ 0

0 ∆̂σ

)

, ∆̂σ =

(

0 ∆σ

−∆∗σ 0

)

. (1.156)q./�f�.0�̌gσσ′E,n(x, x
′)Gx = x′q¢¹��=q�́=¢¹�ºW»¼ü�wxyóô̌gσσ′cn (x, x′)W̌

gσσ
′

cn (x, x′) = 2iǧσσ
′

E,n(x, x
′) | vn | −σδσ,σ′sign(x− x′). (1.157)�op��.=́óôGσ, σ′=2½=©·øWM¾��́�q, ḡcn(x, x′)�8g8�=g��±��́�¿qr�À
Á=�Âq=Greenóô̄gn(0−, 0−) = ḡ1 ḡn(0+, 0+) = ḡ2Wop��. =́ÃÄ=GreenóôG
Áq=$kóô=Å�Ẁ�ÆÇg�̄MW#|�

ḡ2 = M̄ †ḡ1M̄ ; M̄ =

(

1
t∗ 1̌ r

t 1̌

− r
t 1̌

1
t 1̌

)

,�óÈÉ��f�À́́qt�rG
Áq=ÊËÈÌ�ÍÎÈÌq��À̌gσσ′E,n(x, x
′)G, 8g8�q̀&Ï��, ḡE,n(x, x′)�ÐÑf�.=́ÒÌW,Ó�opÔ�wxyÒÌ̄g1, ḡ2W¿Õ|�̀Ḯ�WÖ×�. ḡE,n(x, x′)W%1.52=Ø¥� q(−L1 < x, x′ < −L2)ÙÚÏÛ. =́� qG¢£¤¥5IÜÝÞß��Û=q, εǦΣimp(x)àáY�âPqrÛ.��àξ1 >> L1Ý��ÏÛ�¦à, Usadelh��=ãG,L1=äåqGæ�çz�Q



68 è1éêvë�|oÌ�ìífÛ.îïqðfŽG1 = ǦN (−L1) ∼ ǦN (0−),�ñ³ÏÛ́�ÝqrÛ.ò́ó̌G1(−L1 < x, x′ < −L2qoÌ�×�ôÛõWö|�©ª«_¬÷̌Σimp(x)ë
Σ̌imp(x) = iǦ1/(2τimp)�ÐøùÝqrÛ.´́q̌GN (x)ëUsadelh��àúïGreenÒÌqðÛ. f́�óûüWýþ�ÿ�̄gE,n(x, x′)ë,��ó��h��àúḯ�Wö|Û�̄

gE,n(x, x
′) = P̄ (x)

(

ḡ1 + sign(x− x′)Σ̄z
)

P̄ (−x′) (1.158)

P̄ (x) =
1

2
√

2vni

{

exp[x/(2vnτimp)](1̄ − Σ̄zḠ1) + exp[−x/(2vnτimp)](1̄ + Σ̄zḠ1)
}

(1.159)

Ḡ1 =

(

Ǧ1 0

0 Ǧ1

)

, Σ̄z =

(

1̌ 0

0 −1̌

)

. (1.160)�ÐÑfÛ.´́qc�©·g�ℓëL1��¿ëÛÑà��|óq̌Gσσ′n (x, x′)Ýx, x′ →
−∞q�¥Ô�|�|ï��	ö|Û́�Ýqr�

(Σ̄z + Ḡ1)(Σ̄
z − ḡ1) =0, (1.161)

(Σ̄z + ḡ1)(Σ̄
z − Ḡ1) =0. (1.162)�|ï
½ó�Ý��fÛ.�ó�¥ã	»¼ÏÛ��	µ®̄°�à¿��ÏÛ�,

(Σ̄z − Ḡ2)(ḡ2 + Σ̄z) =0, (1.163)

(ḡ2 − Σ̄z)(Σ̄z + Ḡ2) =0. (1.164)´́qµ®̄°óGreenÒÌë¶������¬ó�hº¿�¾à�f�|�|��|óq
Ḡ2 =

(

Ǧ2+ 0

0 Ǧ2−

)

.��þ�fÛ.û��ó�ghià���¶������¬Ý� ÏÛ�¦à, 2!"ó#$KeldyshóGreenÒÌ̌G2+�̌G2−Ý}fÛ.%&ó�¦à'¬(óGreenÒÌÝ�h)µ®̄*+	,Ï�¦àö|�-�|Û.îó.Ǖg2ë̄Q = M̄ †M̄	ö|Û́�q
ḡ2 = (Q̄Ḡ2 + Ḡ1)

−1{2Q̄+ (Ḡ1 − Q̄Ḡ2)Σ̄
z}, (1.165)�,�-Û./ÁÑ�0-�GreenÒÌ	ö|�̄g2ÝÐÑ-�|ÛóÝ1��2qðÛ.37,150) ḡ1¿�à34567ðÛ. -́�ó8à9É|�,�(1.150)ó:/��	�¦Û́�Ý56��Û.�(1.150)ó̌I(φ) = Ǐnë,

Ǐn = Trσ[Σ̄
zḡ1] = Trσ[Σ̄

z ḡ2]. (1.166)



1.5 Nazarovó;÷<=>?@ 697�þ�-,#$Keldysh-GreenÒÌ7ÐA�B-óCD	34ÏÛ́�à�Û.ó́,�ë/Á7ÂE�FB-��à�FB-óG	Keldysh-GreenÒÌ7,HÔI¿ó7,UsadelJ��ó:/���(1.150)óÂKà�LÏÛ.�(1.150)ó�Kë,M®̄°óN7óB-	UsadelJ��óGreenÒÌ7,ÔI¿ó7ðÛ./ÁàO�ÛB-óPQ8ëARAR�JSóB-óTU7ðVWX>Y=(Z[B	�Î\à]�̂_̀ÔI8ÝM®̄óa óB-b½Vð�̂AÛÀ́ó̌InëX>Y=(Z[Bbcd-̂AÛ.X>Y=(Z[B̌In	�¦ÛI¦àë, Q̄	e\ ÏÛ9fóghJ	ÔiAbA�iA.îóIjàû��ó�kJSól·DàeLÏÛmnoσ = ±ópA	qĵAÛmnõ7órstY÷uv	ÏÛ.wĪΣz¿uv	x�Û.
Q̄ =

(

qn1̌ 0

0 q−1
n 1̌

)

, Σ̄z =

(

0 1̌

1̌ 0

)

. (1.167)yy7z{|qn	öÂ/Á7óÊË}Tnë4qn/(1 + qn)
2 = Tnb,~-Û.îó.Ü,ḡ2ë,

ḡ2 =

(

qnȞ+ + Ǧ1 qnȞ−
q−1
n Ȟ− q−1

n Ȟ+ + Ǧ1

)−1(

qn(2 − Ȟ−) Ǧ1 − qnȞ+

Ǧ1 − q−1
n Ȟ+ q−1

n (2 − Ȟ−)

)

(1.168)b,~-Û. Ȟ± = (Ǧ2+ ± Ǧ2−)/27ðÛ.ðbëk�ó34	��à�yi�̂AøbX>Y=(Z[B	�jÛybÝ7�Û.�ý)à
Ǐn = 2

[

Ǧ1, B̌n
]

B̌n =
(

−T1n[Ǧ1, Ȟ
−1
− ] + Ȟ−1

− Ȟ+ − T 2
1nǦ1Ȟ

−1
− Ȟ+Ǧ1

)−1 (
T1n(1 − Ȟ−1

− ) + T 2
1nǦ1Ȟ

−1
− Ȟ+

)

(1.169)	�ÛùÝ7�Û�yy7T1 = T/(2 − T (φ) + 2
√

1 − T (φ))b��ÔI�(Aw�����ó�þ�nb�Î\Dφë�e�àeLÏÛ.)yó�ë�Mà1�i��	��. (1)

Ǧ2+ = Ǧ2−Ý��ÏÛb�ëNazarovÝs�����àeÔ̂�jI�b���óX>Y=(Z[B	�þÛ.150) (2)wǏG2+ = Ǧ2−7Ñ���/�óÊË}Ý�̀à�~AbKupriyanov-Lukichevó:/�� ¡HÏÛ.159) (3)ðb7¢£Û�ïàyóX>Y=(Z[BóKeldysh�̀àëñ�¤ÜÝQ¥ÔiA¦§oM���ó̈~Ýâ©7�̂[¦Ýª«�à¬��Ô̂AÛ®�õ7BTKó?@16)~̄àëTanaka-Kashiwayaó°±)ia²7 bjI>���̀³ó?@156,157)Ýĺàµw-̂AÛ.�¶·̧)à¶þÛ�7ðÛÝ,ú¹ós�����óñ�¤Üó?@,�J)����óº?	bVA-I�Mà�»)i�7ðÛ.y-¼̄UsadelJ½�	ãøyb7��¾ó[¿��Dó�	A¼à�jÛ¼	ÀÁÂÃÝ,îóÄàÅÆGreenÇÈóÉÊ	Ë@Æ̂�ø.�»àM��a²óGreenÇÈ̌GN (x)óÌÍ�̂̀RN (x)ë,
R̂N (x) = cosψ sin θτ̂1 + sinψ sin θτ̂2 + cos θτ̂3, (1.170)



70 è1éê@b[�Î÷�mn	Ï¢ÂÃPaulik�	öẦã567ðÃ. θWψóúïJ½�ë,
D

[

∂2

∂x2
θ −

(

∂ψ

∂x

)2

cos θ sin θ

]

+ 2iε sin θ = 0, (1.171)

∂

∂x

[

sin2 θ

(

∂ψ

∂x

)]

= 0. (1.172)b,~-Ã. sin2 θ
(

∂ψ
∂x

)

6= 0Ð�V��b�ë���[BÐB-ÃybÑiÃÐ,òëM���b������7���[BëB-iAó7∂ψ∂x = 0b�øybÐ7�Ã.ÿóIjÑ#$Keldysh-GreenÇÈ̌G1, Ǧ2±	�̀,ÒÆ̂,Â.
Ǧ1 =

(

R̂1 K̂1

0 Â1

)

, Ǧ2± =

(

R̂2± K̂2±
0 Â2±

)

, (1.173)

Keldysh�̀ë̀ÓÇÈ	Ô�̂, K̂1(2±) = R̂1(2±)f̂1(2)(0) − f̂1(2)(0)Â1(2±)b,~-,Õ��̀bÌÍ�̀ónÑë̂A1(2)± = −τ̂3R̂†1(2)±τ̂3bAïÇÖÐðÃ.����Ð×nØÙeÚÉ	Û�̂AiAbÂÃb,
R̂2± = (g±τ̂3 + f±τ̂2), (1.174)

g± = ε/
√

ε2 − ∆2
±, f± = ∆±/

√

∆2
± − ε2,b,ÂybÐ7�Ã.yy7∆+ (∆−)ë�Ü\Dφ (π−φ)7,~-Ãû��ÐÝ�ÃÞ�������7ðÃ.����ëò1!"Æ¼iAó7ßàá�������ë0b��Ã.ú�̂Ŵf2(0) = tanh[ε/(2T)]τ̂0b�þ̄-Ã.τ̂0ë[�Î÷�mn7âAI2k2�ó&ãk�7ðÃ. f̂1(0)ë,f̂1(0) = τ̂0f1N (0)+ τ̂3f3N (0)bâ¼-Ã.yy7f1N (0),f3N (0)ëx = 0−oM����õÑ��Ã[�ó̀ÓÇÈ7ðÃ.�Ĵf2(0)ëx = 0+o�����õÑ��Ã[�ó̀ÓÇÈ7ðÃ.äåó[¿��ÑH-̂øÃóëf3N (0)7ðÃ.ÿó34óIjÑ,Ȟ+, Ȟ−, B̌n, Ǐn = Ǐ(φ)	äåó�ïÑ��ÂÃ.

Ȟ+ =

(

R̂p K̂p

0 Âp

)

, Ȟ− =

(

R̂m K̂m

0 Âm

)

, (1.175)

B̌n =

(

B̂R B̂K

0 B̂A

)

, Ǐn =

(

ÎR ÎK

0 ÎA

)

. (1.176)

1.5.2æçèéêëìíîïðñòóKeldyshñòîôõ�öÑ÷ÏøKeldyshùYúûÇÈ7âAI:/üýøÌÍ�̀ÑþÿÂÃ.:/üýø�K(�1.150)�,
L

Rd
R̂N (x)

∂

∂x
R̂N (x)

∣

∣

∣

∣

x=0

=
Li

Rd
[− sinψτ̂1 + cosψτ̂2]

(

∂θ

∂x

)∣

∣

∣

∣

x=0

(1.177)



1.5 Nazarovø;ú<=>?@ 71bâ�Ã.yy7��iø�̂τ3�̀Ð��Æ̂AÃyb7�Ã.:/üý�	�ÂÃIjÑ�,ÎR�φøÇÈbÆIb�ø
�É���ÆiAbA�iA. ÎR�ZÞ>��>�bA�8��AÃyb7,
ÎR =4iT1(dR · dR)−1

(

−1

2
(1 + T 2

1 )(s2+ − s2−)2[s1 × (s2+ + s2−)] · τ̂

+ 2T1s1 · (s2+ × s2−)[s1 × (s2+ × s2−)] · τ̂ + 2T1s1 · (s2+ − s2−)[s1 × (s2+ − s2−)] · τ̂
− i(1 + T 2

1 )(1 − s2+ · s2−)[s1 × (s2+ × s2−)] · τ̂

+ 2iT1(1 − s2+ · s2−)[s1 · (s2+ − s2−)s1 − (s2+ − s2−)] · τ̂
)

, (1.178)

dR =(1 + T 2
1 )(s2+ × s2−) − 2T1s1 × (s2+ − s2−) − 2T 2

1 s1 · (s2+ × s2−)s1 (1.179)b�~�Ã.yy7̂R1 = s1 · τ̂wÎR2± = s2± · τ̂7�Ã.ZÞ>��>�s1bs2±�,
s1 =







sin θ0 cosψ0

sin θ0 sinψ0

cos θ0






; s2± =







0

f±(φ)

g±(φ)






, (1.180)7â¼�Ã.yy7ψ0, θ0�x = 0−7øψ, θø|7�Ã. f±(φ), g±(φ)�f±, g±øφ�QÉ��̄�ÑâAI ø7�Ã.�Kbø�V�A¼̄< ÎR >ø̂τ3�̀�0b��.o���[BÐB�̂AÃb�Ñ�0b���iA�Þ���û���ø�Y��¼̄W����ÐZ�û3 !øb�Ñ�g±(−φ) = g∓(φ),f±(−φ) = −f∓(φ)Ð��Æ,"JZ�û1 !øb�Ñ�g±(−φ) = g∓(φ),f±(−φ) = f∓(φ)Ð#I~�Ã. ÎR�$Ü\Dφ%−π/2¼̄π/2w%_̀ÆI&ø̂τ3�̀Ð��Æi'b,�(1.177)�#I~i'.yøüýø b%, g±, f±ø
�ÉÑ��Æ̂()�ÂÃb,Z�û3 !ø����%�

sinψ0 = 0Ð#I~�, cosψ0 = 0ÐZ�û1 !����%#I~�Ã.yø*+��'�̂(1.178)�()ÂÃb,ÌÍ�̀ø,-üý�,
L

Rd

(

∂θ

∂x

)∣

∣

∣

∣

x=0

=
〈F 〉
Rb

(1.181)

F =
2T (fS cos θ0 − gS sin θ0)

2 − T + T (cos θ0gS + sin θ0fS)
(1.182)biÃ.yy%gS = (g+ + g−)/(1 + g+g− + f+f−),Z�û3 !%�fS = i(f+g− −

g+f−)/(1 + g+g− + f+f−)Z�û1 !%�, fS = (f+ + f−)/(1 + g+g− + f+f−)%./�̄Ã.yy%θ = 0biÃb��0�¤+Ðw12�Q¥Æi'ybÑe3ÂÃ.4ÑKeldysh�̀ø56�k�. Keldysh�̀ø7%̂τ3Ñ89ÂÃÖÈÐ:;ø[<Ñ=.ÂÃ.ÌÍ�̀>?Ñk�ø56�φø
�ÉÑ@A'̂56�ÂÃ.
Ib =

1

4
Tr
[

τ̂3ÎK

]

, ÎK = 2
(

R̂1B̂K + K̂1B̂A − B̂RK̂1 − B̂KÂ1

)

(1.183)
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B̂R�,R̂m, R̂p, R̂1��'F56Ð%�, τ̂1, τ̂2, τ̂3øG�*�%�~�Ã. B̂A = −τ̂3B̂†Rτ̂3��',~̄ÑIbøHIJK�L12Mg±, f±ø
�ÉÑ��ÆF()ÂÃN,39)

〈Ib〉 =
1

2

〈

Tr{−(R̂1 + R̂†1)B̂R(R̂1 + R̂†1)B̂
†
R − (R̂1 + R̂†1)(B̂R + B̂†R)}

〉

f3N (0) (1.184)NwNj̄�Ã.O7ø56ÐP�QÃø%RSÂÃN39)oAppendixTU�, Ib = Ib0f3N (0)

〈Ib0〉 =

〈

T

2

C0

| (2 − T ) + T (cos θ0gS + sin θ0fS) |2
〉

, (1.185)

C0 =T
(

1+ | cos θ0 |2 + | sin θ0 |2
) [

| gS |2 + | fS |2 +1+ | f̄S |2
]

+ 4(2 − T ) [Real(gS)Real(cos θ0) + Real(fS)Real(sin θ0)]

+ 4T [Imag(cos θ0 sin θ∗0)Imag(fSg
∗
S)] , (1.186)NwNV̄�Ã.yy%gS , fS, f̄S�,

gS =

{

(g+ + g−)/(1 + g+g− + f+f−)W�û3 !
(g+ + g−)/(1 + g+g− + f+f−)W�û1 !(1.187)

fS =

{

i(f+g− − f−g+)/(1 + g+g− + f+f−)W�û3 !
(f+ + f−)/(1 + g+g− + f+f−)W�û1 !(1.188)

f̄S =

{

(f+ + f−)/(1 + g+g− + f+f−)W�û3 !
i(f+g− − g+f−)/(1 + g+g− + f+f−)W�û1 !(1.189)N./̄�Ã.XÓÇÈf3N (0)�YZÐ[/̄�2\]%̂�F�ÃKeldysh��_̀ø ø%�Ã.÷ø�%θ0 = 0N��N,Y¦Ð¬Ñabc����Ñ��Æ2°±¦§ø)E*+�¡̂ÂÃ.38,39)

1.5.3defêgeëîôõY¿��I�̂RN (x), K̂N (x), ÂN (x)��'ÃN
Iel =

−L
4eRd

∫ ∞

0
dεTr

[

τ̂3

(

R̂N (x)
∂K̂N (x)

∂x
+ K̂N (x)

∂ÂN (x)

∂x

)]

, (1.190)%./̄�Ã.158):;ø56%�,�hüý%i12j�Ñθ = θ(x)N'��klúmú�n$ÂÃ.oø�klúmú��'ÃN̂RN (x)�
R̂N (x) =

{

τ̂3 cos θ(x) + τ̂2 sin θ(x) :W�û1 !
τ̂3 cos θ(x) + τ̂1 sin θ(x) :W�û3 !(1.191)



1.6pEqørs 73N�t�F, ÂN (x) = −τ̂3R̂†N (x)τ̂3, K̂N (x) = R̂N (x)f̂1(x) − f̂1(x)ÂN (x)N'�ÇÖÐuvÂÃ.XÓÇÈ�̂f1(x) = τ̂0f0N (x) + τ̂3f3N (x)%./w�ÃÐ,Y¿xnÑ=.ÂÃXÓÇÈ�f3N (x)%�Ã. Usadelb½yøÌÍuXNKeldyshuX�θ��'Fz{øyÑ|NVw�Ã.
D
∂2

∂x2
θ(x) + 2iε sin[θ(x)] =0, (1.192)

D
∂

∂x

[

∂f3N (x)

∂x
cosh2θimag(x)

]

=0. (1.193)

θimag(x) = Imag[θ(x)]%�Ã."bx = −L%�}xn~�Y�Ñ���F'�.Y��,Q�w�xnø�����FQ'N��t�F'�ø%, θ(−L) = 0N��oN�%��.Y�%øX���f3N (x = −L) = ft0�
ft0 =

1

2
{tanh[(ε+ eV )/(2T )] − tanh[(ε− eV )/(2T )]} , (1.194)N./w��.oo%V����w�[t�2YZ%��.}xn~N�xn~ø-�%øKeldyshuXø�hüý�,

L

Rd

(

∂f3N

∂x

)

cosh2Imag(θ0)

∣

∣

∣

∣

x=0−

= −< Ib >

Rb
. (1.195)%./w��.f3N (0−)��V�N,���<��Y<�θ0��'F

Iel = − L

eRd

∫ ∞

0

(

∂f3N

∂x

)∣

∣

∣

∣

x=0−

cosh2[Imag(θ0)]dε,%./w��ø%��c��
Iel =

1

e

∫ ∞

0
dε

ft0
Rb

<Ib0>
+ Rd

L

∫ 0
−L

dx
cosh2 θimag(x)

. (1.196)N���.�ø*+��ø���R�,
R =

Rb
< Ib0 >

+
Rd
L

∫ 0

−L

dx

cosh2 θimag(x)
. (1.197)N�t��.
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ooöÎ��×�ù
�È�ËÎ���ã��°�¦�®�öÚRashba��ð������§RSOC�×é{2� !"#�/$%~/�xn~���êÛ�ïðñòmð�×«¬�ÜBTK&y×'(�ïðñòmð�×)*°�ÜAndreevÉ+,ìíîÉ+ïðñòmð��RSOC�j-.ÄÎjâ/��×�Û��×	w��°�¦�0�öÚ��ð������×ã{abc�xn~�È°�BdGb÷y×1�ùø{�Îßà̧ö2¿Ó3Ð2��È°�z{Î45��Ú6ð73Ð2��È°�ãÎ89:;�/�o8×�<°¦=~>�Rashba��ð������§RSOC�×ã{2¿Ó3Ð2�xn~��½Îïðñòmð�Î)*×iù?RSOCÚïðñòmð�ÎÒ@ÐÓABîÒì�s-¼���Cwá�jâ/�ìò×D�Ço°o8×Ø°¦E-.ïðñòmð��Ús-¼8p-¼ÎËF�Gáo8�H��¦�I�öÚÊËÿ��×�J¹á
º»/�xn~��½�êÛ�ïðñòKð�×«¬�¦�xn~8�.Ús-¼�xn~8d-¼�xn~×ãäù�¦ÊËÿ��ÚL�ÎMNÍ�O:.ïðñòKð�×PQtR
¶STtR
¶°�U8×�<°¦�V�öÚº»/¹á
WÊË~/s-¼�xX~���êÛ�¹á
WÊË~YÎZ[\]��ìò�̂�ßà×«¬�¦¹á
WÊË~Î��Î_�ÈO�.2Î̀ab��¶�á²áÎab�È°�ßà�©c°�U8×Ø°¦d
UÎßà̧öÎïðñòKð�Îe�fùãC�U8�°�¦�̄�öÚd-¼�gXh/¹á
WÊËh/d-¼�gXh���êÛ�Josephsonª�×ijkGreen���×ãäù.«¬�ÜMARS8lm�Î���E¶nL!oÚpq/ç]è©Ë×Ø°U8×r�¦s��UöØ°2Î̀�ìò¥tÚuvÎ/ùãÎö�w¦�xy�ö�hÎd8<8Uá�zÎ{|×}¬w¦
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�3��������������
Josephson��� !"#�$%&'

3.1()*+,-.//01//,-./(SIS)2345Josephson671)589:;<Josephson67=>?@23A4BCDEFGH2,3)ISIS23J,-.//KEHLM/,-./(S/DN/S)234=NýOPQRSTUEVWXY=ZBT[\RS.4–6)S/DN/S234=]2675̂7_̀FCooperaODNTbc̀Fdef_TghFJosephsonXYOYESIij4<Josephson67=klmTnoTpq@rs@54,-./5tuavwTxeyzRSId-{,-.//01//d-{,-./(DID)234=W|45}~���~�Andreev�����MARS�5��11)5H�TVWXY5�ZB@NýyzwO�fS.7–10)f5
MARS=d-{,-./5tu������5����T��̀FdSI12)]267_MARS5675���BCSH�TanakaD=�jm,-./�D@SAT�� ~¡¢£13)�¤¥̀H14–16)If5¢£=KEH,-./234¦e§dDEFdS
Usadelj̈©17)TaRSªW«¬�®SIf5¤¥̄EH�� ~¡¢£=DN/d-{,-./23T¤¥̄E<DN°45MARS_]2675xd±3O²D�T@hH14,15)I�̀̀³f5±3=́µ¶·mŢ¹̄EFd@dIghF³f5º»�̧��Sj¼�½¾RSf_O¿À4ÁSIkÂ4=Josephson67Tf5±3OrESf_��ÃRÍH³ÄU5,-./Å5noÆ�ÇÈH�T:É5¢£14,15)�¤¥RSIf5Ê©��Ë§̀³Ì̀dªW«¬5Í_4Usadelj̈©�ÎGd-{,-.//KEHLM/d-{,-./(D/DN/D)23T�ÏSXY�ÐÑRSIfETghF]267_MARS5JosephsonXYÒ5ÓÔ�ÕÖTBCSf_O4GSgÈT@hHI:×4]267_MARS5��5±3OJosephsonXY5�ZB@Nýyzw5Ì̀dØÙÚÛÜ�®Sf_�̀�RI
3.2ÝÞßàáâãäff4=åæ�_ÐÑj¼�ç²RSId-{,-./5Xè(D)Oé̄L³êëORd5ìiíîm@ïEHLM(DN)TghFU@OhFdS_RSIL=ðñòóô̈gõÍö÷TøG_RSIx = 0TÁSDN/DW|=R′b5êë�Íù³x = LTÁS
DN/DW|T=Rb5êëOÁS_RSIDN/SW|T�ÏSúûu=æ�ü�ý�§dFU(x) = Hδ(x − L) + H ′δ(x)5gÈTÁDþRIf5_GW|5ÿ��=Tm =

4cos2 φ/(4 cos2 φ + Z2)³T ′m = 4cos2 φ/(4 cos2 φ + Z ′2)5gÈT@õ³Z = 2H/vF_
95



96 �3Â�N,-./23AT�ÏSJosephsonXY5�ZB@Nýyzw
Z ′ = 2H ′/vF=�íî��Ø�ü³φ=23A5¼�j��D	hHì
�5c�ý4ÁSIvF=Fermi�ý4ÁSI�3.1Tåæ�5�©��Ã̀HI

�
��

� �
������������ !" �#!"
$3.1%&'()*$+ì,-Green�ýG³F�Φω�§dF��Ø�ü�RS:2,3)

Gω =
ω

√

ω2 + ΦωΦ∗−ω
, Fω =

Φω
√

ω2 + ΦωΦ∗−ω
(3.1)ff4ω=Matsubara./ý4ÁSIf5_GUsadelj̈©=17)

ξ2
πTC
ωGω

∂

∂x

(

G2
ω

∂

∂x
Φω

)

− Φω = 0 (3.2)_@SI01�2�3éξ =
√

D/2πTC³¤4ÊýD³56NýTC�§dHIªW«¬�.eH�³7815)5gÈT9¡û~:3XY�ÐÑ̀@ÏE;@D@dI<5̂7³x = 045ªW«¬=18)

Gω
ω

∂

∂x
Φω = − Rd

R′bL

(

−Φω

ω
I ′1 + e−iϕ

(

I ′2 − iI ′3
)

)

I ′1 =

〈

2T ′mg
′
S

A′

〉′
I ′2 =

〈

2T ′mf
′
S

A′

〉′

I ′3 =

〈

2T ′mf
′
S

A′

〉′

A′ = 2 − T ′m + T ′m(g′SGω

+f
′
S(B′ cosϕ+ C ′ sinϕ) + f ′S(C ′ cosϕ−B′ sinϕ))

B′ =
Gω
2ω

(

Φω + Φ∗−ω
)

C ′ =
iGω
2ω

(

Φω − Φ∗−ω
)

g′S =
g+ + g−

1 + g+g− + f+f−
f
′
S =

f+ + f−
1 + g+g− + f+f−
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f ′S =
i (f+g− − f−g+)

1 + g+g− + f+f−
(3.3)

g± = ω/
√

ω2 + ∆2
±
f± = ∆±/

√

ω2 + ∆2
±
4Áõ³x = L45ªW«¬=

Gω
ω

∂

∂x
Φω =

Rd
RbL

(

−Φω

ω
I1 + (I2 − iI3)

)

(3.4)_@SIff4I1³I2³I3=<E=EI ′1³I ′2³I ′35>®?′�@õAG³>®?’+’�’-’_BC̀ϕ = 0_�Gβ�αTDcRSf_4EDESIff4ϕ=23ATþHSnoÆ4Áõ³α_β=<E=Ex ≤ 0_x ≥ L4523W|5¼�j�_d-{,-./5F̂G5@Rý4ÁSIf5ªW«¬=_FÍiHm@Í54ÁSI@I@D∆±�JKTLMf_4ÖÅN5avw�OUSz = 05PQ5�jm,-./TJ§4GS�D4ÁSIff4Sz=
Coopertu5R3S�5z-�÷4ÁSI:×4=tu�������x ≤ 0Tà∆± =

∆(T ) cos(2φ∓ 2α)³x ≥ LTà∆± = ∆(T ) cos(2φ∓ 2β)_LMIW|45c�
�5>?@ýTaRSýðñ=:×4ÊT̄ESI
< B(φ) >(′)=

∫ π/2
−π/2 dφ cosφB(φ)

∫ π/2
−π/2 dφT

(′)(φ) cos φ
(3.5)ff4T (′)(φ) = T

(′)
m4ÁSUUsadelj̈©5Î=�Cα → −α³β → −βTàFV�4ÁSIf5f_=ýðñ4φ�−φ_WGC®E;²D�4ÁSIW|45êëR(′)

b=
R

(′)
b = R

(′)
0

2
∫ π/2
−π/2 dφT

(′)(φ) cos φ
(3.6)4®DESIff4X®;R(′)

b=RbH́=R′b�Ỳ³R(′)
0=Sharvinêë4Zíî5[3R(′)−1

0 = e2k2
FS

(′)
c /(4π2)4®DESIkF=Fermi{ý³S(′)

c=23\5|]4ÁSÎ_mTJosephsonXY=í5Y©4®DESI
eIR

πTC
= i

RTL

2RdTC

∑

ω

G2
ω

ω2

(

Φω
∂

∂x
Φ∗−ω − Φ∗−ω

∂

∂x
Φω

)

(3.7)ff4NýT³R ≡ Rd + Rb + R′b4ÁSI:×4=ICR5̀TabRSIIC=̂ø
JosephsonXY5øḠ4ÁSI
3.3áâcd:×³Z = Z ′³Rb = R′bO�õeUavm@23�f®Sf_TRSI�3.2 (a)T
Rd/Rb = Rd/R

′
b = 1³ETh/∆(0) = 1³(α, β) = (0, 0)45>?@Z_Z ′TaRSICR



98 �3Â�N,-./23AT�ÏSJosephsonXY5�ZB@Nýyzw�̀Ný5�ý_̀F�Ã̀HIα = β = 0TàFs-{235[3_Õ>³ICR=Ný5PQ__ÍT[\RSÍHZ_Z ′5[\T̀HOhFICRO[\RSIfE_=agmT(b)TÃ̀Hs-{235[3=Z_Z ′5PQT̀HOhFICRO[\RSIf5
Z_Z ′TgSICR5[\�]2675ý3dTaËRSΦω�ÐÑRSf_4ç²RSf_TRSIx = L/2³ϕ = π/2³T/TC = 0.245(a)5_GTaËRS��Ø�ü�LMf_TRSI(c)³(d)TÃ̀HgÈTZ_Z ′O[®SThdReΦω_ImΦω=[\RSIghFICROøG@̀�_Sf_T@SId-{234=7815)TÃ̀FSgÈT]267=Z5PQ³ÚõW|5ÿ��5[\T̀HOhFij̄EFdeI]2675��Ø�üΦω=I2³I3³I ′2³I ′35>?@k��l�5ýðñTghFḿSIα = β = 05
d-{234=c�ýφOπ/4 <| φ |< π/2_0 <| φ |< π/45ì
�4=�@S�35
d-{tu�������qnSIÿ��5�d234=ýðñ5ÐÑ4π/4 <| φ |< π/2�D5o=�p4G@dIghFtu������5����TgSqùr̀Ád5H�I2³I3³I ′2³I ′35̀Os̄e@SIij4ÿ��5td234=0 <| φ |< π/45ì
�µÏOøG@o�RSI<5̂7Φω5øḠ=��DESIf5gÈT̀FZ_Z ′5øG@ÿ��5td234=ICR]OøGe@S¢óOç²̄ESI

uvv
wxyz{|}~y
�

� ��� �� �� �� ��� ���� ��� ��
����
��� �������������������
��� ��� ��� ��� �����������

������ �������������������
����
��� �����������������������
��� �������������������
��� ��� ��� ��� �����������

������ ���������������������� ��� ��� ��� �����������
������ �������������������

� �� �� ��� ���� ��� �� ¡¢£¤¥ ¦ §̈
© ª«

¬  ¬ ® ®̄¯°± ²
³ ´ ³ ´µ ¶µ¶·¸ ¹���������

���� ����������������������������
���� �������������������
� � �º����º����

º���� �������������������
� � �º����º����

º���� �������������������
¬  ¬ ® ®̄¯°± ²

$3.2 (a)Rd/Rb = Rd/R
′

b = 1»ETh/∆(0) = 1»(α, β) = (0, 0)¼½¾¿ICRÀ(ÁÂÃÄÅ+(b)s-ÆÇÈÉ(a)¼½Ê¾¿ËÈ+T/TC = 0.2É((a)¼½Ê¾¿ÌÍÎÏÐÉ(Φω(ÑÒ(c)ÓÔÒ(d)+UÕTÖ×ØαÙβØ[ÚÛfÜÝÞ�3.3 (a)ßZ = Z ′ = 10, ETh/∆(0) = 1 and

Rd/Rb = Rd/R
′
b = 1ØÙàØáâØãýÙäåØICRØ̀ÛæäåçÝÞ(α, β) = (0, 0)ØÙà�3.2èéèêæäëìíêICRßáâØîïÙÙðêñòêóôéÝÞ<õÙßög÷ê(α, β) = (π/8, 0)Ù(π/8, π/8)ØÙàßICRßøñòùáâúûüÛæéÞ(b)ê



3.3 ýþÿ� 99æäëìíê��Ø���ß���	
ê�àù�Û�ÜÝÞ(b)èß(α, β) = (π/8, 0)ØÙà��ùZ ÙZ ′êöäåICRØáâúûü��æäå�ÝÞZ ÙZ ′�óôéÝê�õ���	
ß�Üåç��Ù���ÝÞ�Øøñòùáâúûüß����ÙMARSØ��Ø�Úêì å!"èàÝÞα =

β = 0èß�����û#ä��èMARS�û#èàùç�Ù�$%õåçÝÞ&'(
α = β = π/4ØÙàßMARS�û#ä�����û#èàùç14,15)Þ)Ø*Ø+Úß����ÙMARS�û#èàÝÞëÙÜ,α = β = π/8ØÙà-./Ø012ß34Øìíê5�Ø67ê89%õÝÞ

π/8 ≤ φM < 3π/8,

0 ≤ φP ≤ π/8 , 3π/8 ≤ φP ≤ π/2. (3.8)��èφ ∈ φP Û:ëé-./ß����ê;�èàÝ�MARSß��èàùçÞ&'è(
φ ∈ φM Û:ëé-./ßMARSØ��Û<à=�é�����ê;�èàùçÞ> å
φP ÙφMÛð�-./ß)õ?õD/DN/D�Úê@9ÝABCDêãäåßEùÝFGÛ�ëé�ÙêùÝÞHáèßMARSØ��ßIJèàJosephsonAKßφ ∈ φP Û:ëé-./êì åKõÝ�ÙêùÝÞ)õÙßöL÷êMáèßφ ∈ φM Û:ëé-./Ø;��φ ∈ φP Û:ëé-./Ø;�ê�%Nå�à�ùÝÞ�OP(áâØîïÙÙðêMARSØ�������ÛQ�RSäåç�Þ)Øÿ�(MáèJosephsonAK�RSTõÝÞì å����ÙMARS�û#éÝÙà((α, β) = (π/8, 0)U(π/8, π/8)ØÙà)øñòùáâúûü�VõÝÞ�Ø�ÙÛ�3.3 (c)((d)êæäëìíêx = L/2(
ϕ = π/2((α, β) = (π/8, 0)èØΦωÛMatsubaraWXYωØãYÙäåýþéÝ�ÙèZ�[Ý�Ù�èàÝÞM\]̂_�ê@çå(HáØ+Ú(T/TC = 0.2(0.3) ÙßöL÷êMá(T/TC = 0.01)èßΦωØ�àTßRSTõÝÞì åMáèMARSØ��êìP�����Q�RSTõÝ�Ù���P(�Ø�Ù�øñòùáâúûüØ̀aÙùÝÞ��Ø����MçÙà(�OPZÙZ ′��àçÙàMARSØ����bØ���à�ùÝÞäë� å(�3.3 (b)êæäëìíêøñòùáâúûüß�àçZÙZ ′êöäåcdêùÝÞ
ICReøñòùáâúûüÛìPfä�òNÝë[êTpÛICR�g�hÛiÝáâiäåjkéÝÞ�àùheZiZ ′ß���	
ÛlPméeêno÷ùpqè�Ý�(TpßZiZ ′êristúûäùçÞ�3.3 (a)iuvwxy�zè(α, β) = (π/8, 0)eiàeTpeRd/Rb (=Rd/R

′
b)iETh/∆(0)êöéÝúûüÛ)õ?õ�3.4(a)((b)êæäëÞ

Rd/RbiETh/∆(0)�óÜÝê�õ(Tpe�àTðñòêóôéÝÞ���	
Û{|÷ê}~éÝë[êß�àùheZ (Z ′)(Rd/Rb (Rd/R
′
b)(ETh/∆(0)���è�ÝÞ�õßHç�������DNe�Tù���(�çDNÛ��éÝÞ��è�������êìõ,DNe���i�Ú�e��Û��ê��T�Ý�i�èàÝ�iê���çÝ13)Þ���e-����ê çë3¡e¢£êôÜå�recursive GreenãY¤19)ê �Yh¥¦§̈�¥©ªèðøñòùWÝ«çÛZ�[Ý�i�èàÝÞ�eYh¥¦§̈�¥©ªèß-���¬Ûç®êYh÷ê̄°±²³́µ ë¶{·(�3.5êæéìíê(α, β) = (π/8, 0)êöäåøñòùW̧«ḉ¹Väë¶gºê(»¼eÿ�́��½¾¿���Àèe3ÁeÂÃiÄŅ�iêȩ́ÅDID�
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ÉÊÊ
ËÌÍÎÏÐÑÒ
ÍÓ

Ô ÔÕÖ ÔÕ× ÔÕØ ÔÕÙ ÚÔÔÕÔÛ
ÔÕÚ ÜÝÜÞÝÚÔÜÝÜÞÝßÜÝÜÞÝÚÔ ÔÕÖ ÔÕ× ÔÕØ ÔÕÙ ÚÔÔÕÔÛ
ÔÕÚ ÜÝÜÞÝÚÔÜÝÜÞÝßÜÝÜÞÝÚ à áâã äå æç
è é è éê ëìêíîï ðñ ò óô

õ ö÷

øù úûü ýþøù úûü ýþ
ÿ� úûü ýþÿ� úûü ýþ

� � � �� ����� �� 	
���� ���� ��� �ÔÔÕÚ
ÔÕÖ
ÔÔÕÚ
ÔÕÖ � �� ÔÔÕÔÖ

ÔÕÔ×ÔÕÔØ ����ÝÔÕÔÚ����ÝÔÕÖ����ÝÔÕßÔÔÕÔÖ
ÔÕÔ×ÔÕÔØ ����ÝÔÕÔÚ����ÝÔÕÖ����ÝÔÕß
Ô Ú Ö�ÔÕÔ×�ÔÕÔß�ÔÕÔÖ
�ÔÕÔÚ ����ÝÔÕÔÚ����ÝÔÕÖ����ÝÔÕß
Ô Ú Ö�ÔÕÔ×�ÔÕÔß�ÔÕÔÖ
�ÔÕÔÚ ����ÝÔÕÔÚ����ÝÔÕÖ����ÝÔÕß

�3.3 Z = Z ′ = 10�ETh/∆(0) = 1�Rd/Rb = Rd/R
′

b = 1�� !ICR"#$%&'()(b)(α, β) = (π/8, 0)*(a)��+ !,-)(α, β) = (π/8, 0)*#Φω#./(c)01/(d))À23øñòù45úûü367÷ù�À(α = −β)2e8Võ(ö9:;�À(α = β)23<=>;45úûü3?@AVB;C7,8)¶�eiDJosephsonAK33v[EF@(GHIJ@(gºH¹KEFĻÅJosephson�À345eIJiiMH0-πNÓ=�L¶�B%ePQ3g�eR̈Sª�TªU���À́CV{|2ZWTBAÇ9,10)¶&'2�D/DN/D�À2367:;�ÀiX9:;�À23uvÿ�(YH<=>;45úûǘ�Z̧¶67:;DID�Àe+Àe[\;M42eEF3]%B;CÅDID�Ài3XL:HD/DN/D�À230-πNOM]%B;C¶
3.4 _̂nÇ23d-�̀���/aBVbc/d-�̀����ÀH@9̧Josephson��́>NVÅ
JosephsonAKeýþ́deHĻGreenfYHXĻg�pq́�CV¶��;wxy�z2eAḰýþĻ�i234eh́"%�H@V¶i¶s-�̀Àe+Ài3XL:H��e������eEFH>CICReh3�D�;̧¶5¶ICR�3����iMARSe�ÀeV[H<=>;45jkĺ@[L¶�e<=>;W̧«Ce=m3�MARSeV[H0-πNO�=�̧DID�Àe+À7,9, 10)H@9M̧ei3no:HE;̧ÅD/DN/D�À2e�eICe<=>;45jkĺ}~ĻV[H3�D;heZ(Z ′(Rd/Rb(Rd/R′b(ETh/∆(0)���2�̧¶
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� ��� ���� � �
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� � ��������
��������
����
� � ��������
��������
����

� � ������������
��������
� � ������������
��������
�����

�����
�3.4 Rd/Rb(= Rd/R

′

b) (a)���ETh/∆(0) (b)#��0� #¡¢£*#$%)
Z = Z ′ = 10�(α, β) = (π/8, 0))»¼e¤¤́CB,s-�̀���/aBVbc/d-�̀����ÀH@CAMu�e<=>;45jkl��̧�í¥�̧ÅYBaCuO/Pb�À2ICe<=>;45jkl�}~TBViC\¦§��̧20)¶�e{|�»¼ë©ifª«¬̧del3¬̧«®e®i«̄@C°>ŅV[H3[Pf±;²�«��2¬̧¶»¼3E³:����éi@Ad-µ̀�¶¾ª¥·̧̂́sm¶¹�ºC»ºe»¼3p-�̀���/aBVbc/p-�̀���½ÀH@9̧JosephsonAKe¾¿2¬̧¶;À;ÁaBVbc/p-�̀���½À23¹�ºCVÂ«gÃPQÄBV°Á2¬̧16)¶
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�3.5 recursive Green�ËÌ�ÍÎ ÏÐ��JosephsonÑÒ)(α, β) = (π/8, 0)0��)
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à4áâãäåæçè/éæçèêëìíîïðñòóôõö
4.1÷øùúûüýþÿ�������ÿ���������Ê	
�������������������ß�� ���Ê!ÚÛ"κ� "T�#�$%&��ß'κ ∝ T(�)*È+ÚÛ"σ�,-�Ã./�0Ê12Lorenz3�45��,-��ß6L ≡ κ/σT = π2/3e2�7Ê��Wiedemann-Franz (WF)81)�9:;<=�È>Þ�?@A;$��2–6)FermiÉÜB�CDA;ßEWF8�F:F:!ÚÛ"�GHIßÊ�JK;$LM��N�OPQRS�3T$!RSÊUV�UW�ßÊ�XF�YO��ß�WF8�Z�[M��7����ÊP>\]�̂�ßFermiÉÜB�_̀Êab�cd�ß�M�e:f ÙÚÛÜÊ��\]�WF8�gO;$�ß7��hFermiÉÜ��\]Êij�klF$�ß7)�f ÙÚÛÜÊ��\]�FermiÉÜB�9�CD�LßYmnY�oI��pBA;$�ß.!�PQÊÉ;�ÙÚÛÜÊ�Iqr�ß�sþ�ÊÙÚÛÜÊ!ÚÛ"�tuBardeenO8)�9v$wTO;M�0Êx�y/Êz{���/ÙÚÛÜ'N/S(|ÝÞÊ!�PQÊRS��F$WK;M. Andreev�9ß}~��z{9)�N/S����F�����������GA;M�7;��K�ßAndreevq�'AR(�������þ�ü��RS����L�����eßEAR�|ÝÞ�ûüýþÿ������� "�����I��-�-����A�ß9))*�PQRS����ß10)EBlonder�Tinkham�Klapwijk

(BTK)10)�9v$kA;M9n�AR�|ÝÞ�ÿ�������� �� �A�ß¡L�¢#�9�t£��v$Bardas�Averin11)�DevyatovO12)�BTK¤¥10)�¦§F$!̈�©ªFM�FYF�«¬�B��®ü�®̄°±�|²³�́§µ¶�·O;�̧�¹�ºm�N/S|²��N�»���¼½��̧�FM�v$¾¿À���RS����ȩ���y/�Á=��Â�ÃÄ$LM�Å;M��/ÆÇÈÉ'DN/S(|²³��ÊËÌ2�MÄ13)��Í£�ÎÏ�ÿÐ°���A�»�ÑÒ�̧ÓÔ>�|²³�RS����L�����ȩ�M�e:DN/S|²³��Õ̧Ö×s�Ø�ÿ������Ðü�'ZBCP(�DN�ÓÔ>�ÊËÌ2�ÙÚ��v$�̧14–24)�7�9n�ÊËÌ2�ÛnMÄ�ÓÜÝGreen�-Þ25–27)�0�J�ß�A�́§µ¶�àAYOà/§�O;$�̧�7�&á�	L�Volkov�Zaitsev�Klapwijk (VZK)28)�DN/S|²³�PQRS�,áâFM�VZKB�§�y/�Á=�<=�|²³�PQRS�B��wTM28–39)�7;O�z{�DN/S���Keldysh-Nambu�Green�-�̂�̧g�ãä�I�.�$�̧�7�g�ãä�Kupriyanov- Lukichev (KL)40)�g�ãä�
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106 å4æÅ;MçÇÈÉ/ÆÇÈÉ|²³��Õ̧!�PQRS9:;Zaitsev�g�ãä41)�è*��é·YOÈY;MI���̧EKL�g�ãä�t£Nazarov�ûüê°±B42)�9v$»ëA;TanakaO43)�9v$ìc�í�î�¢#DN/S|²³�PQRS�wŢMÄ�¦§A;MENazarov�g�ãä����í�î����LKL�g�ãä�)ïF�s®�ðñ°��¼½��BTKB�ò���̧7�B�§�̧7��í�î�óßF$�/�í�î���|²³�ZBCPYOÖ×s�Ø�ÿ������ôñ°�'ZBCD(õ�ö�÷K���Ļ7���GA;$�̧43)�ÓÜÝGreen�-Þ��!�RS���#�$I�/#Y�z{��̧44–48)�ø�GrafO�!ÇÈ"�<=�ù*�ÆÇÈÉ�#�$©ªFM46)�úO��®ü���ûü�
dx2−y2-ýÆÇÈÉ�!ÇÈ"�Borné·�à� "¼½� "T�3þF�ÿ��®é·��×��üsü "T ∗ ∼ γ9�f �T 3�3þ�̧7��kFM�77�γ�¾¿À�̂�̧ÓÔ>���\]�s�����eO;̧�7;O�12�!ÇÈ"�ù*�ÆÇÈÉ��Ø̂���	��̧7��kF$�̧47)�)*�N/S|²�!�RS���UVôü��¾
F$�M7�I��0;¹m���ÃÄ�YvM�t£�UV���9v$ù*�ÆÇÈÉ�!�RS���UV��wŢ7������vM49–56)�7�7��ù*�ÆÇÈÉ|²³�!�RS���B��wŢÒ���v$�̧�)*�̄°���°�Andreev��\]'MARS(�ù*�ÆÇÈÉ|²³����þ�ü��RS����L�������57–61)�MARS�ù*�ÆÇÈÉYO�̧N/S|²�ZBCP��L�7�7���O;$�̧�£|Ì2�MARS�����wŢMÄù*�ÆÇÈÉ�̂�̧�F�ûüê°±B���A;M62–64)�0;�9v$DN/d-ýÆÇÈÉ|²��MARS�£|Ì2����̧������DN/p-ýÆÇÈÉ|²��
MARS�£|Ì2��i�̧����̧7��KYvM��M7��i���ÿ����������ZBCPßDN�\]�"�Ö×��þ�üÐü��IMO�7��KYv$�̧�£|Ì2�MARS���� 4.1���ÄM� 4.1��Õ̧|²�!#�����"ÕO;$�̧�(a)£|Ì2�ij�̧�(b)MARS�ij�̧�(c)£|Ì2�MARS�I�ijF���(d)£|Ì2�MARS�ij�̧�
N/S|²�!�PQRS�£|Ì2�MARS�9v$pBA;̧7���̧�
æ����Å;M��/s-�d-�p-ýÆÇÈÉ|²³�ÿ�������ûüýþÿ�������Lorenz3�©ªF�0;O�£|Ì2�MARS�m�9n�����ȩYwŢ7���̧�«#���í�î�DN�$%�DN�&¾¿À�9̧��î�
Thouless��þ�üETh�|²���Þ%*'�ÆÇÈÉ�1()���*"�Ye$©ª�Wn�
4.2+,-./01277��3ôþ�©ª*Þ�45�̧����ÆÇÈÉ�Pé���AL�Ó)ûü���;M��(DN)�9v$#��v$�̧��̧�L�6789W�9�I:"��L�;�̧�x = L��̧DN/S�����Rb�$%����x = 0��̧DN/N���$%�:"<A�;�̧�DN/S����Õ̧s®Ø�ô=>�-�§�$U(x) = Hδ(x−L)�9n��OK��7�;L���í�î?Tm = 4cos2 φ/(4 cos2 φ+ Z2)�9n����
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@4.1 DN/SABCDEFGHIJKLMNOGHIPQR@S∆±(φ)TUVWXYZ[\]̂_̀ad-bcdef(D-wave)CgNMT∆± = ∆(T ) cos[2(φ∓α)]hij_LkSαTlmABPnopDJd-bcdefPqrsPtuvwhk̂Sxyzp-bcdef(P-wave)CgNMT∆± = ±∆(T ) cos[(φ∓α)]ĥyj_LαTlmABPnopDJp-bcdefP{|}PpDPtuvwhk̂S~~hφTxsE_��yGHIP��vwĥ�∆(T )T�wThPUVWXYZ[\P��ĥkS
Z = 2H/vF?�ûü��Î�>�φ?|²³�Þ��'�����ÓÔ����*����̧���vF?Fermi����̧����$%Rb?«#�á������̧�

Rb = R0
2

∫ π/2
−π/2 dφT (φ) cos φ

(4.1)  �T (φ) = 4 cos2 φ/(4 cos2 φ+ Z2)��̧�R0?Sharvin$%R−1
0 = e2k2

FSc/(4π
2)�

kF?Fermiý¡�Sc?¢²£��¤��̧�«#�©ª�?ÓÜÝKeldysh¥á�Green¦¡§§̈©ª«¬>«®;̄�°=ª«¬>«®§±²³̧́4 × 4µ¶�Green¦¡§DN;S�·�̧�̌G1(x)�̌G2(x);��¹³ ;º³»�̌G1(x)�DN¼��½¾÷â?¿#�Usadel�ÀÁ65)ºÂÃ�
D
∂

∂x
[Ǧ1(x)

∂Ǧ1(x)

∂x
] + i[Ȟ + iΣ̌spin, Ǧ1(x)] = 0 (4.2)

D?DN�ÄÅÆ¡��̌H?̌
H =

(

Ĥ0 0

0 Ĥ0

)

, (4.3)



108 Ç4ÈÉ��ÊËÌÍ/ÎËÌÍ¢ÏÐºÑÒ»Ó;ÔÕÖ×�Ø���»�  �̂H0 = ετ̂3��Ù�̌Σspin = γ
2 τ̂3Ǧ1(x)τ̂3?ÅÚÛγ�ÜÝÞßàÅÚºá³»8âãä=å��ε?æç��ãä=å���»�Þßà�Üèé�ê«ëì�«¬í��Ù�Üèé�ê«ë��îºï̈©ðñ§ò»��óô�±²�ì̌G1(x)ì®õ«½¾�ìö÷µ¶ºøùú©̈»�Ôûì̌G1(x)§ü̈©ý�þÃº��¹ÿ�»�

Iel =
−L

4eRd

∫ ∞

0
dεTr[τ̂3(Ǧ1(x)

∂Ǧ1(x)

∂x
)K ], (4.4)  �(Ǧ1(x)

∂Ǧ1(x)
∂x )Kì(Ǧ1(x)

∂Ǧ1(x)
∂x )�Keldysh��§�³.Óû���ºý�þÃº�Ò»�

Ith =
L

4e2Rd

∫ ∞

0
dεεTr[(Ǧ1(x)

∂Ǧ1(x)

∂x
)K ]. (4.5)���±²ºì	æ
�θ-��ê��§ü̈»� �ò�̂R1(x)ì

R̂1(x) = τ̂1 sin θ(x) cosψ + τ̂2 sin θ(x) sinψ + τ̂3 cos θ(x) (4.6)ò�Ù�«���ëÎËÌÍº¦ú©cosψ = 0�ë����ëÎËÌÍº¦ú©sinψ = 0ò��� ò���»64)�θ(x)ìDN��¢��§�»�ò�»�
Â1(x)ò̂K1(x)ì̂A1(x) = −τ̂3R̂†1(x)τ̂3�̂K1(x) = R̂1(x)f̂1(x)− f̂1(x)Â1(x)�Ø���»���¦¡̂f1(x)§̂f1(x) = fl(x) + τ̂3ft(x)ò��́Usadel�ÀÁ���£�ò� £���θ(x)�¿!��ÀÁºÂÃ ò�¹�»�

D
∂2

∂x2
θ(x) + 2i(ε+ iγ cos[θ(x)]) sin[θ(x)] = 0, (4.7)"�#Keldysh����ì
D
∂

∂x
[
∂fl(x)

∂x
cos2Re[θ(x)]] = 0. (4.8)§$»�����æç�����î�ðñì¿!�þÃºÆ%ÿ�»�

< B(φ) >=

∫ π/2

−π/2
dφ cos φB(φ)/

∫ π/2

−π/2
dφT (φ) cos φ (4.9)  �T (φ) = Tn��»�

4.2.1 s-&'()*(
Keldysh��̂K2(x)ì̂K2(x) = R̂2(x)f̂2(x)− f̂2(x)Â2(x)ò�»�  �����̂R2(x)�� ��̂A2(x)���¦¡̂f2(x)§�+̈��̂R2(x) = gτ̂3 + f τ̂2,g = ε/

√

ε2 − ∆2(T ),
f = ∆(T )/

√

∆2(T ) − ε2,,̂A2(x) = −τ̂3R̂†2(x)τ̂3,̂f2(x) = fS = tanh[ε/(2T)]ò�Ò©Tì-���»�DN/S����̌G1(x)ºá³».�/0ì¿!�þÃº�Ò»,42)
L

Rd
(Ǧ1

∂Ǧ1

∂x
)|x=L−

= R−1
b < B >, (4.10)
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B =
2Tn[Ǧ1(L−), Ǧ2(L+)]

4 + Tn([Ǧ1(L−), Ǧ2(L+)]+ − 2)
. (4.11)ª«¬�«®º¦ú©ì45Ô6�¿!�7�§$»�43)

σS(T ) =
1

2T

∫ ∞

0

dε

cosh2[ ε2T ]( Rb

<Ib0>
+ Rd

L

∫ L
0

dx
cosh2 θim(x)

)
(4.12)

Ib0 =
T 2
nΛ1 + 2Tn(2 − Tn)Λ2

2 | (2 − Tn) + Tn[g cos θL + f sin θL] |2 ,

Λ1 = (1+ | cos θL |2 + | sin θL |2)(| g |2 + | f |2 +1)

+4Imag[fg∗]Imag[cos θL sin θ∗L], (4.13)

Λ2 = Real{g(cos θL + cos θ∗L) + f(sin θL + sin θ∗L)}, (4.14)  �θim(x)òθLì·�̧�θ(x)�8£òθ(L−)§��¹³�ýº̄9°2ª«¬�«®§±²³»�DN§x = 0�-�T + ∆T��Óð:;<º�»=>?Ô@º¢Ï³»?�θ(0) = 0,fl(0) = fl0,fl0 = tanh[ε/(2(T + ∆T ))]�̈�»�Á(4.10)?� ��ìAB43)ò�C��»�Á(4.10)?Keldysh��ì
L

Rd
(
∂fl
∂x

)cos2Real[θ(x)] |x=L−= −< Ib1 > (fl(L−) − fS)

Rb
, (4.15)

Ib1 =
T 2
nΛ

′

1 + Tn(2 − Tn)Λ
′

2

2 | (2 − Tn) + Tn[g cos θL + f sin θL] |2 ,

Λ
′

1 = (1+ | cos θL |2 − | sin θL |2)(| g |2 − | f |2 +1)

+4Real[fg∗]Real[cos θL sin θ∗L], (4.16)

Λ
′

2 = 4Real[g]Real[cos θL] − 4Imag[f ]Imag[sin θL]. (4.17) �D?7�§Á(4.5)ºE�ú©Óû?FÁ§$»�
Ith =

1

e2

∫ ∞

0

ε (fl0 − fS) dε

Rb

〈Ib1〉 + Rd

L

L
∫

0

dx
cos2 Reθ(x)

(4.18)·ú©̄9°2ª«¬�«®ì
κ = lim

∆T→0

Ith
∆T

=
1

2e2T 2

∫ ∞

0

ε2dε

cosh2
(

ε
2T

)

(

Rb

〈Ib1〉 + Rd

L

L
∫

0

dx
cos2 Reθ(x)

) (4.19)ò�»�
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4.2.2 d-&'()*(¿!�ì±ìxHºIJGKL?Mî§ND¹³�?ò³»OKeldysh-Nambu?Green¦¡̌G2±§¿!?þÃº��Ǒ

G2± =

(

R̂2± K̂2±
0 Â2±

)

, (4.20)  PKeldysh��̂K2±ì̂K2± = R̂2±f̂2(x) − f̂2(x)Â2±PØ�D�,����̂R2±,� ��̂A2±,��¦¡̂f2(x)PNÙ,̂R2± = g±τ̂3 + f±τ̂2,g± = ε/
√

ε2 − ∆2
±(T ),f± =

∆±(T )/
√

∆2
±(T ) − ε2,̂A2± = −τ̂3R̂†2±τ̂3PNG�D�»O¦¡̂f2(x)ìQRPØ�D�©̈»Oª«¬�«®ºï̈©ìAB63)ºÂ̈±²³»OSáTUP?¢ÏÐ?ª«¬�«®σS(T )ìÁ(4.12)ºÑ̈©Ib2§Ib0ºEV³»WòP$DX»OIb2ì¿!?ÁPØYDX»O

Ib2 =
Tn
2

C0

| (2 − Tn)(1 + g+g− + f+f−) + Tn[cos θL(g+ + g−) + sin θL(f+ + f−)] |2

C0 = Tn(1+ | cos θL |2 + | sin θL |2)[| g+ + g− |2 + | f+ + f− |2 + | 1 + f+f− + g+g− |2 + | f+g− − g+f− |2]

+2(2 − Tn)Real{(1 + g∗+g
∗
− + f∗+f

∗
−)[(cos θL + cos θ∗L)(g+ + g−) + (sin θL + sin θ∗L)(f+ + f−)]}

+4TnImag(cos θL sin θ∗L)Imag[(f+ + f−)(g∗+ + g∗−)].ýº̄9°2Z[\]�[̂_±²³»ODN/SàP?̌G1(x)ºá³».̀/0ì¿!PØYDX»O42)

L

Rd
(Ǧ1

∂Ǧ1

∂x
)|x=L−

= R−1
b < Ǐn > . (4.21)

Ǐn?búcd²ìAppendixºØYDXec»OÁ(4.21)?����ìAB63)ºN»�?ò�CPN»OÁ(4.21)?Keldysh��ì¿!?f_gïhAppendixijk
L

Rd
(
∂fl
∂x

)cos2Real[θ(x)] |x=L−= −< Ib3 > (fl(L−) − fS)

Rb
, (4.22)

Ib3 =
Tn
2

C ′0
| (2 − Tn)(1 + g+g− + f+f−) + Tn[cos θL(g+ + g−) + sin θL(f+ + f−)] |2 .
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�@nPf+ = f−,g+ = g−�oGÿXIb3 = Ib1_Y»O
s-pÎËÌÍ?ò�ò��ºdlq»òr9s2Z[\]�[̂ìÁ(4.19)PIb3_Ib1òt�uY»vP$DX»Ow�̂xy�]�@nPìθL = Rd = 0��Ùz+¿Q?{v|NJG}~
�̀ahTn = 1ï�ÙZ = 0k|áq�r9s2Z[\]�[̂?�Á_��q�12)�

κ =
1

2e2T 2

∫ ∞

0

ε2 < Ib3 > dε

Rb cosh2 ε
2T

Ib3 = 1 − | Γ+ |2 + | Γ− |2
2

Γ+ =
∆+

ε+
√

ε2 − ∆2
+

, Γ− =
∆−

ε+
√

ε2 − ∆2
−
. (4.23)

4.2.3 p-&'()*(WWPìSz = 0?p-pÎËÌÍ�Ï_�Y�OSzìCooper��?�̂õ[?z��_ND�qOW?�Ï,Ì�ìd-p�Ï?�Ïò��|úeP��O¿!Pìd-p�Ï?�Ïò�C��_�ÃÒaP.̀/0_oGqG�|̂R1 = cos θ(x)τ̂3 + sin θ(x)τ̂1ò��Wò�P��O2 × 2��Ci (i = 1 − 6)ì̂1, τ̂1,̂τ2,̂τ3?�f7ÏPFÿX�ÔBì�!?ÁPØYDX�.
B̂R = b1τ̂1 + b2τ̂2 + b3τ̂3

b1 =
−T1n[T1n sin θL + i(f+g− − f−g+)]

(1 + T 2
1n)(1 + g+g− + f+f−) + 2T1n[cos θL(g+ + g−) + i sin θL(f+g− − f−g+)]

,

b2 =
−T1n[T1n sin θL(1 + g+g− + f+f−) + i(f+g− − f−g+)]

(1 + T 2
1n)(1 + g+g− + f+f−) + 2T1n[cos θL(g+ + g−) + i sin θL(f+g− − f−g+)]

,

b3 =
−T1n[T1n cos θL(1 + g+g− + f+f−) + g+ + g−]

(1 + T 2
1n)(1 + g+g− + f+f−) + 2T1n[cos θL(g+ + g−) + i sin θL(f+g− − f−g+)]

.

(4.24)Z[\]�[̂|ïceìAB64)|Âcdlq�O45Ô6P?Z[\]�[̂ìÁ(4.12)PIb4_Ib0|EVúG�?PØYDX��
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Ib4 =

Tn
2

C ′′0
| (2 − Tn)(1 + g+g− + f+f−) + Tn[cos θL(g+ + g−) + i sin θL(f+g− − g+f−)] |2

C ′′0 = Tn(1+ | cos θL |2 + | sin θL |2)[| g+ + g− |2 + | f+ + f− |2 + | 1 + f+f− + g+g− |2 + | f+g− − g+f− |2]

+2(2 − Tn)Real{(1 + g∗+g
∗
− + f∗+f

∗
−)[(cos θL + cos θ∗L)(g+ + g−) + i(sin θL + sin θ∗L)(f+g− − g+f−)]}

+4TnImag(cos θL sin θ∗L)Imag[i(f+g− − g+f−)(g∗+ + g∗−)].ý|r9s2Z[\]�[̂_dlq�OÁ(4.21)?����ìAB64)ò�CPN�OÁ(4.21)?Keldysh��_d-p�Ï?�Ïò�CþÃ|dlú�ÒX��D�cO�!?MÀÁ��ÙzJec�Wò|������
D̂−1
R (T1n − T1nR̂

−1
m + T 2

1nR̂1R̂
−1
m R̂p) = B̂R, (4.25)

B̂R(1 + R̂−1
m + T1nR̂1R̂pR̂

−1
m ) = T1nR̂

−1
m R̂p. (4.26)

d-p�Ï?�Ïò��|dlúer9s2Z[\]�[̂?FÁ_$�O�XìÁ(4.19)PIb5_Ib1|EVq�WòPØYDX��
Ib5 =

Tn
2

C ′′′0
| (2 − Tn)(1 + g+g− + f+f−) + Tn[cos θL(g+ + g−) + i sin θL(f+g− − f−g+)] |2

C ′′′0 = Tn(1+ | cos θL |2 − | sin θL |2)(| g+ + g− |2 − | f+ + f− |2 + | 1 + f+f− + g+g− |2 − | f+g− − g+f− |2)

+4(2 − Tn)[Real[(1 + g∗+g
∗
− + f∗+f

∗
−)(g+ + g−)]Real(cos θL)

−Imag(sin θL)Imag[(1 + g∗+g
∗
− + f∗+f

∗
−)(i(f+g− − f−g+))]]

+4TnReal(cos θL sin θ∗L)Real[i(f+g− − f−g+)(g∗+ + g∗−)].



4.2é12òdlM3 113��?7�_��|VX�òq�e?ë����ëÎËÌÍ(TS)ò�[���ëÎËÌÍ(USS)|áq�< Ibi > (i = 2 − 5)?þÙ� �F�_$��
< Ibi >=<

Tn
2

D0

| (2 − Tn) + Tn(cos θLgS + sin θLfS) |2 > (4.27)

D0 = Tn(1+ | cos θL |2 + | sin θL |2)[| gS |2 + | fS |2 +1+ | f̄S |2]

+4(2 − Tn)[Real(gS)Real(cos θL) + Real(fS)Real(sin θL)]

+4Tn[Imag(cos θL sin θ∗L)Imag(fSg
∗
S)] (4.28)

i = 2, 4,�Gì
D0 = Tn(1+ | cos θL |2 − | sin θL |2)[| gS |2 − | fS |2 +1− | f̄S |2]

+4(2 − Tn)[Real(gS)Real(cos θL) − Imag(fS)Imag(sin θL)]

+4Tn[Real(cos θL sin θ∗L)Real(fSg
∗
S)] (4.29)

i = 3, 5WWP
gS =

{

(g+ + g−)/(1 + g+g− + f+f−) TS

(g+ + g−)/(1 + g+g− + f+f−) USS
(4.30)

fS =

{

i(f+g− − f−g+)/(1 + g+g− + f+f−) TS

(f+ + f−)/(1 + g+g− + f+f−) USS
(4.31)

f̄S =

{

(f+ + f−)/(1 + g+g− + f+f−) TS

i(f+g− − g+f−)/(1 + g+g− + f+f−) USS.
(4.32)Á(4.28)òìáj
|Á(4.29)P?¡¢���X�WòìCooper��9�Ó_K��cWò£D}¤P��O�!Pì¥¦ÿXGZ[\]�[̂σT (T ) = σS(T )/σN,¥¦ÿXGr9s2Z[\]�[̂κT (T ) = κ(T )/κN (T ),¥¦ÿXGLorenzøLT = κT (T )/σT (T )|ïce§̈q�OWWPσNòκNì©Ê;<P?ªPNÙ,σN = 1/(Rd + Rb)òκN (T ) =

π2T/(3 (Rb +Rd) e
2)PØYDX�O
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4.3«¬®
4.3.1 s-&'()*(�̄,45Ô6P?Z[\]�[̂σT?-U°±Ý_²4.2|ú�qOWWP(a)ò(c)PìZ = 3,Rd/Rb = 1,(b)ò(d)PìRd/Rb = 0.1PN�³Thoulessãä2å9ì(a)ò(b)PETh/∆(0) = 0.1,(c)ò(d)PETh/∆(0) = 0.01PN�O(a)-(d)|�ÿXec�þ́|Z[\]�[̂ìT/TC = 0|õ9]_g+T/TC ∼ 0.3|@µª_¶�OSáTU·�?õ9]ì����|þ�AR?̧Û�¹ºq�G�PN�OZ[\]�[̂?¹ºìRd/Rb = 1h(a)ò(c)k?»́�Rd/Rb = 0.1h(b)ò(d)kþÙ�¼½PN�Oõ9]?¾ìETh/∆(0)?¿9\9PN�OÜÝÞßà|þ�ÀÚì����_ÁY�O²4.2|ÂDX�þ́|γ/∆(0)?¹ºòò�|õ9]?ÃÿìÄÅq�OÆÇÛ?Èc̀aPì����ìSáTU·�PZ[\]�[̂_¹ÉqOÊ��T/TC|áúe,σTìT/TC?¹ºòò�|öË|¹ºq�OWX|áÌq�Z = 0?ò�?dl7��²4.3 (a) - (d)|�úeN�OσTìT/TC = 0|1y��_�+T/TC ∼ 0.5PÍÊª_ò�O��?1y��ÎÏìÐ6|°±úGZ[\]�[̂|ïce�ÂDX�43)OW?1y��ìETh/∆(0)�Ê����|ïXeÑ��Òa?ÆÇÛ�Ãc�Ò,����ìZ[\]�[̂_SáTU?·�PÁÓq�O�?7�,ÔÕÖ×ØÀÙìÚªdlP�ÿXec�þ́|σT?¹º_Û�ÜWq?PN�OσT?ÝöË�-U°±ÕìÞXG�Òß|àá?�?PN�O²4.3|ÂDX�ÎÏìVZK}̈28)£D$DX��?òìâã
|äJec�OW?Wòì̀a?ÆÇå�ÃcWò|æçúec�O
èé
èé

êëëêëë

ì íî ï î ð ðñïò ó ôõö ö ÷ø ù ø ú ûü ý ü þ þÿþý� � ��� � �� � �
� 	
 �� 
 � ��� � ���� �� � � � �� ��� � � ����� � ��  !" # "

$ %&

$%'
()*
+ ,-èé

èé
êëë êëë. ./0 ./1 ./2 ./3./2./4./3

./56 789:.;<.789:.;<./.6. ./0 ./1 ./2 ./3./2./4./3

./56 789:.;<.789:.;<./.6. ./0 ./1 ./2 ./3./4./3./5
66/6

789:.;<.789:.;<./6. ./0 ./1 ./2 ./3./4./3./5
66/6

789:.;<.789:.;<./6

. ./0 ./1 ./2 ./3 6./1./2./3
6

789:.;<.789:.;<./6. ./0 ./1 ./2 ./3 6./1./2./3
6

789= > ? @ >789:.;<./6 . ./0 ./1 ./2 ./3 6./1./2./3
6

789:.;<.789:.;<./6. ./0 ./1 ./2 ./3 6./1./2./3
6

789:.;<.789:.;<./6
A4.2 s-BCDEFGHIJKLMNOPQRSTQUV



4.3dl7� 115

WX
WX

YZZYZZ

[ \] ^ ] _ _̀̂a b cde e fg h g i jk l k m mnmlo p qrs s tu v u
w xy z{| y z z{|} ~ ���� �� � � � �� ��� � � ����� � ���� �� � �

� ��
���

���
� ��WX

WX
YZZ YZZ

� ��� ��  ��¡ ��¢ £££��£� 
£�¡£�¢ ¤¥¦§�̈©�¤¥¦§�̈©��£� ��� ��  ��¡ ��¢ £££��£� 
£�¡£�¢ ¤¥¦§�̈©�¤¥¦§�̈©��£ � ��� ��  ��¡ ��¢ £££��£� 

£�¡£�¢ ¤¥¦§�̈©�¤¥¦§�̈©���£� ��� ��  ��¡ ��¢ £££��£� 
£�¡£�¢ ¤¥¦§�̈©�¤¥¦§�̈©���£
� ��� ��  ��¡ ��¢ £££�£
£��£�ª ¤¥¦§�̈©�¤¥¦§�̈©���£� ��� ��  ��¡ ��¢ £££�£
£��£�ª ¤¥¦§�̈©�¤¥¦§�̈©���£� ��� ��  ��¡ ��¢ £££�£

£��£�ª ¤¥¦§�̈©�¤¥¦§�̈©��£� ��� ��  ��¡ ��¢ £££�£
£��£�ª ¤¥¦§�̈©�¤¥¦§�̈©��£

A4.3 s-BCDEFGHIJKLMNOPQRSTQUV«¬|r9s2Z[\]�[̂κT_-U?Ú®̄eË��W®|q�O�!P°±²³9�_ETh/∆(0) = 0.1 ®γ/∆(0) = 0?́́|µ¶q�W®|q�OκT °ETh/∆(0)®γ/∆(0)|»®·̧°±̄�cOWX°����|́�Z¹9�[º�ÆÇ�r9s2Z[\]�[̂|»¼_½Y�cW®_¾¿̄ec�³Fermia�?ÀÁÂ®án?ÃæÄÅ2Æ9(ε)_gJGÀÁÂ?ÇM�ÐÈ_K��O²4.2 ®4.3?7�°Z[\]�[̂�È-PETh/∆(0) ®γ/∆(0)|ÉÊPN�W®_¾̄ec�OËÌËDFermia�?ÀÁÂ?Í½ÎÏ�ÐÑ?»¼_ÒÓ�£DPN�O"M,r9s2Z[\]Ô[̂?�Ò°án?ÃæÄÅ2Æ9_gJGÀÁÂ?ÕÎÖ_K��OÈ-P°ÄÅ2Æ9ε ∼ T ≪ Tc_gJGÀÁÂÎκT|Í½P×�Ō£̄,�?́́ËÀÁÂ°ØÙÚÛ?ÆÜÝÞ?G�±ßP×ËcÓJeκT °È-P»®·̧à|Ë�OT ∼ TC?́́ËÃ-P°ε ∼ Tc?ÄÅ2Æ9_gJGÀÁÂÎκT|Í½P×�O�?́́ËÄÅ2Æ9áâP°DN ã?ÀÁÂäå°ETh|»®·̧°±̄ËcŌGÎJeκT °ETh ®γ|»®·̧°±̄ËcW®Î�£�O�X_æ·Ó�G�?dlçÑ_²4.4|̄�qO�G²4.5|N�´́|κT °Z = 3 ®Z = 0|è̄eT/TC?¹ºÚPN�OσT ®°èjé|κT?Ê×ê°Z = 3 (Z = 0)|è̄eRd/Rb?¹º®®ë|ÄÅh¹ºkq�.ìU°LorenzíîLT_Â�W®|q�O²4.6°cï«£?Rd/Rb|èq�LT_¾̄ec�OWWPETh/∆(0) = 0.1îγ/∆(0) = 0 ®µ¶̄GOκT ®ðñ|LT ÎETh/∆(0)®γ/∆(0)|»®·̧°±̄ËcW®°̧£�GOZ = 3îRd/Rb = 0.1?®×LT °µêcT/TC|è̄eàPNòîãóáâPT/TC|̄e�fPN�O�GLT °T/TC ∼ 0.7|ôõ]_g«OZ = 3îRd/Rb = 1 ö®×°T/TC ö÷Ë¹ºÚPN�(²4.6(a))O
Z = 0îRd/Rb = 1ö®×°LT °T/TC ≥ 0.3PT/TC|̄e�fPN�OøMîZ = 0î
Rd/Rb = 0.1 ö®×°ãóáâPT/TC|̄e�fPN�(²4.6(b))O
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A4.4 s-BCDEFGHIJKLMNO45678QRSTQUV²4.7°9¦:ê;û<=>?Ô=̂î9¦:ê;ûrõs@<=>?Ô=̂öT/TC =

0.8îETh/∆(0) = 0.1îγ/∆(0) = 0AöRd/Rb°±Õ_¾̄ec�B̀aöÆÇåÎÈc®×hZ = 3kAR ö̧å°Rd/Rb Î¹C�|̄ûÎDe¹ºq�66)B̄ûÎDeσT öÊ×ê°Rd/Rb ö¹º®®ë|¹CîκT °Rd/Rb öÄÅÚ|Ë�BøEAî̀aöÆÇåÎÃc®×hZ = 0kÏ�ÐÑ°<=>?Ô=̂_ÁÓq�BËÌËFDN ÎGHÛwI�öJ×Kq�£FAL�BMö�ÒNAR ö̧å°Rd/Rb Î¹C�|̄ûÎDOÄÅq�B́DOσT °Rd/Rb öÄÅÚ|ËòîκT °Rd/Rb ö¹ºÚ|Ë�B(a) ®
(b) AσT ®κT °®°PäÊ×Q|Rd/Rbè̄OZ|°±̄ËQ¶Ú|ÏRïB
4.3.2 d-STUVWUMöXA°±²³õÔKETh/∆(0) = 0.1 ®γ = 0 ö́́Yµ¶Z[BκT ®LT ÎM;Fö±²³õÔY»®·̧°±̄ËQ£FAL[B\]̂_=̀Ü@∆±(T ) °∆±(T ) =

∆(T ) cos[2(φ∓α)] A½CF;[Bα°aÒbcödeEf®d-gØÙÚÛöçhiöËZjkAL[Bφ°xilFmDûÀÁÂönojkAL[B\]̂_=̀Ü@öp¾∆(T )°s-gØÙÚÛöëö®ðqrkstÕKZ[ëö®u¶Z[BMMA°0 ≤ α ≤ π/4 ®Z[Bπ/4 − α < φ < π/4 + αKvûZÀÁÂÎbcAöMARS YÍ½̄OwxåöyQaÒAöZBCP özç®Ë[Bd-gØÙÚÛaÒßA°ÏaÐÑ®MARS °{tA×ËQM®Î|F;OQ[B}~îα = 0A°MARS °tßA×ËQÎÏaÐÑ°��AL
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A4.5 s-BCDEFGHIJKLMNO�5678QRSTQUV[BøEîα = 0.25 A°ÏaÐÑ°tßA×ËQÎMARSÎ�;[� 4.1 ®¡¢63) £¤¥B̄ûÎDOα = 0 ö®×°s-gØÙÚÛö¦®ðñöçÑÎ§̈A×[© 4.8 A°rköª«¬ORd/Rb = 0.1 ö«×ö<=>?Ô=KQï®löαYè¬O ̄¬û©(a)lF°l[±²YZ = 3îα/π = 0.25 ³û́0.125 ö«×σT ŕköµ¶««ëY·éY̧¹Z[©M;́MARS Y±[{ºéËwx�»Y±[©Mö±²Ë¼[³Q́α = 0 AöσT Ý½F;¾Q©¿rÁα/π = 0N0.125N0.25 YèZ[σTöÀ́ZÁOðqÀYÏRQOQï©Z = 0 AσT ŹÁOöαYè¬OT/TC öÂÃ̧¹ÄªAL[©(b)lFαö̧¹««ëYσT Å¶¬̧¹Z[M«Å°l[©Z = 0 ö«×öσT öαstǼZ = 3 ö«Ç«íÁ[«ÈÉÊQ© 4.9 ÁrköÄª«¬ORd/Rb = 0.1 ö«ÇöËõÌ@<=>?Í=KQï®löα Yè¬O ̄¬û©Z = 3N0 ö«Çî«ëYκT T́/TC öÂÃ̧¹ÄªAÎêQ
T/TC YûQ¬T/TC YíÏZ[©MöyrAöκT öeÐstǼs-gÑÒÓÔöÕÖ
( 4.5) Ý½F;¾lDûëöA\]̂_=̀×@öØÙ=ÚõÛKÜÝ¬OQ[©³ûîZ = 3 ö«ÇκT άYst¬OQ[Å�(a)£¤¥îZ = 0 ö«ḈαYÞ«ßàst¬¾QM«Å°l[�(b)£¤¥© 4.10 ÁrköÄª«¬ORd/Rb = 0.1 ö«ÇöLorenzíKQï®löαYè¬O ̄¬û©(a) Y½C[±²YLorenzí́Z = 3îα = 0 ö«ÇT/TC ∼ 0.4 Yôõ?Ká®©Möôõ?́öα ¹̧««ëYâCOQï©(b)lF°l[±²YZ = 0 ö«ÇLT

T́/TC YíÏ¬αYÞ«ßàst¬¾Q© 4.11 «4.12 9́ã:ê;û<=>?Í=î9ã:ê;ûËõÌ@<=>?Í=ö
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T/TC = 0.8�ETh/∆(0) = 0.1�γ/∆(0) = 0 A�Rd/RbstÆK̄¬OQ[© 4.11 (a)lFZ = 3�α/π = 0�«ÇσT�ÈÇ�́Rd/Rb�̧¹««�Y̧C[M«Å°l[©¾�¾Fs-gÑÒÓÔ�¦«��AR���́Rd/RbÅ̧C[Y¬ ÅDO̧¹Z[lFAL[©α/π = 0.25 «0.125�«Ç�Rd/Rb = 0 Y!ç["#?́MARS Y$%Z[©
DN&�'()*+́α/π = 0.25�«ÇσT KÂY,-Z[.ç/L[0¾�¾1M�ÕÖ2a34Å³5 6¾7l1/8[09�:4 4.11 (a) Ȳ¬ ±²Yα/π = 0.25�«ÇσT Ŕd/Rb�µ¶Äª«¾[0;<ÈÇ7Rd/Rb Y=¬>σT ?́ªY2@60AYË#ÌBCDEFÍDG½[H«YZ[0 4.11 (b) l1°l[±²Yα/π = 0�«ḈκT Ŕd/Rb�µ¶Äª/8I�α/π = 0.125�α/π = 0.25�«ÇRd/Rb�̧¹ÄªY¾[0;<ÈÇ7Rd/Rb Y=¬>́�ZÁ>�αY®7>κT ?́ªY2@60 
4.11(b) l1MARS�ÐJÅκTG,-Z[H«Å°l[0H�H«́KL�±²YMN/Ç[OMARS ÅbcYÐJ�P[«QRS�TUVkÅWXYZB[#\2]�P̂0¬l¬�9�±²¾TÚèG_̀H«Å/Ç¾70TUVk�WXYZB[#"#F́èG_̀H«Å/Ç̂±I¿7YZB[#TU�,-Gabĉ0¬ Å5>MARS�ÐJÅË#ÌBCDEFÍDG,-ĉ0 4.12]̄¬ ±²]Z = 0/́cÁ>�α]®7>AR���ÅRd/Rb�̧¹««�]µ¶ĉ0σT «κT�dés-gÑÒÓÔaÖ�«Ç� 4.7/Z = 0�ÕÖ«�q±²]¬>eM/Ç̂0
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./1./2 3456734567/.0834567/08../0

./1./2 3456734567/.0834567/089:

7 . 0 ; 1 87/<<7/=7/=07/=17/=2 3456734567/.0834567/087 . 0 ; 1 87/<<7/=7/=07/=17/=2 3456734567/.0834567/08
�4.12 d-��	
�����������������>�����������
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4.3.3 p-?@ABCAHH/�D́IEØF#ÍGETh/∆(0) = 0.1 «γ = 0�±²]G?ĉ0κT «LTÅHP1�EØF#Í]Þ«ßàHI¬¾7J1/8̂0KLMNDO×B∆± ∆́± =

±∆(T ) cos[(φ∓α)]/PQ1P̂0α´́ÖRS�TUVW«p-XÑÒÓÔ�X#Y�¾cZ[/8̂0KLMNDO×B�\]∆(T ) ś-XÑÒÓÔ���«�̂_[HIÆGĉ��«̀?ĉ0HH/́0 ≤ α ≤ π/2 «ĉ0H�«ÇabZ[Å−π/2+α < φ < π/2−αGc cQRSÅRS/�MARS]dPe>fg��h7́Ö/�ZBCP�i%jk̂0l �p-XÑÒÓỐÖå/m2́34jMARS mnI/Ç̂HjÅo1P>7̂0p]�
α = 0/mMARS j2́34ÅnIeqDN]nrTUstaĉ64)0uV�α = 0.5/m2́34jMARS mIv/Çk7wx4.1 jyz64) {|}x4.13]76~J�α]=ĉRd/Rb = 0.1�j��CDEFÍD��ëì:4G�c0(a) J1�Ĵ��]Z = 3�α/π = 0 l m0.25�j�σT m_[���jj�]��]��ĉ0HPmMARS]�̂nr�kfg��]�̂0uV�α/π = 0.5�j�m
T���je>��]��ĉ0Z = 0�j�mα]m8lIHI��σT mT���jj�]��ĉ0

��
�� ����

�� ���

� ��

� � 
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4.13 p-®̄°±²³́µ¶·̧¹º»¼������½x4.14 mRd/Rb = 0.1 ¾¿ÀÁÂBCDEFÃD�mT/TC ¿����¾Ä̂HjG�eÅÆ̂Çα = 0 ¿ÈÉÊË�κT mÌÍÆT/TC ¿ÎÏ¾T ÐÑÒeÅÆÓÇÔÕm
d-XÖ×ØÙ́É¿x4.9 ¿ÚjÛÜÐKLMNÝOÞß¿àáÝâÁãÐäåeÅÆÓÇ
κT mZ = 3q0 ¿j�α ¿����¾ÄÓÇàáÝâÁãÐsÄÓÐæJJ�ç�α = 0¿j�s-XÖ×ØÙ́É¿��ÐκT sT/TC Ðè����ÐHIéÓ¿màáÝâÁã
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4.14 p-®̄°±²³́µ¶·̧¹º»>��¼������½x4.15(a) Jç�JÓ��ÐLorenz Ñmα = 0�Z = 3 ¿j�T/TC ∼ 0.3 Ð�Á�Ê�~ÇÔ¿�Á�mα s���kÓj�QÅÆ�ÇZ = 0 ¿j�mLT m_[¿��jeÅ��ÎÏ¾U�Ð��éÓw(b) {|}Çx4.16 j4.17 m���ÍÕ !Ý"�ÃÝ�����ÍÕ ÀÁÂß!Ý"�ÃÝ�¿T/TC = 0.8 ¾¿Rd/Rb HI#Ê�eÅÆÓÇx4.16 (a) Ð�e ��ÐZ = 3 ¾ÌÍÆα Ð$eσT mRd/Rb Ð~ÆÅ%&Ý'àÝ'k\Ó(ÆÊéÓÇÔÔ¾)*&+ß,Á-.j/0&+ß,Á-.m!Ý"�ÃÝ�Ð1#�Ð2kÓdPÊéÓÔjÐ34s56¾ÄÓÇ)*&+ß,Á¾mσT mRd/Rb ¿����ÐkÓÇk7kçRd/Rb ¿��jjæÐAR ¿89m��éÓJç¾ÄÓÇuV¾/0&+ß,Á¾m�σT mnr-.�:¿ ;Rd/Rb ¿����ÐkÓ64)ÇÌÍÆw��Æ}Rd/Rb Ð$eÅm)*&+ß,Á-.w/0&+ß,Á-.}s!Ý"�ÃÝ�Ð<kdPÊéÓÇ�ðÅσT ¿%&Ý'àÝ'k\Ó(Æs=>¾� Çα = 0 ¿j�jm$|�Ðα = 0.5π ¾σT m?j@A1�¾ÄÓwx4.16 (a)}ÇÔ¿j�mBCDëæMARS æIvekÆJç¾ÄÓÇÀÁÂß!Ý"�ÃÝ�¿pEæÛÜÐeÅFG¾�ÓÇÔÔ¾/0&+ß,Á-.mì¿HIÐdP¾�kÆÔjÐ34s56¾ÄÓÇα = 0 ¿j�md-XÖ×ØÙ¿α = 0 ¿j�jm$|�ÐκT mRd/Rb ¿��jjæÐ�QÓÇÔ¿JÆmMARS ¿IvÐKLéÓÇ

α/π = 0.5 ¿j�mx4.16 (b) ÐÄÓ��ÐκT m?j@A1�¾ÄÓÇx4.17 ÐÄÓ��Ðα = 0 j0.25π ¿j��Z = 0 ¾¿σT jκTMUmZ = 3 ¿ÈÉj1#�mÛ̂¾ÄÓÇα/π = 0.5 ¿j�σT mRd/Rb ¿����¾ÄN�κT mRd/Rb ¿����¾ÄÓÇ
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XY
Z[[ \]^

XY _`a
b cd
b cefghi jklmfjklmfgnhjklmfghfghi jklmfjklmfgnhjklmfgh

f fgn fgo fgp fgq iffgnfgo
fgpfgqi jklmfjklmfgnhjklmfgh
f fgn fgo fgp fgq iffgnfgo
fgpfgqi jklmfjklmfgnhjklmfgh

4.15 p-®̄°±²³́µ¶·̧¹º»Lorenzr½ÔÕç¿sÓ(ÆmAR89sRd/Rb ¿����¾ÄÓÔjtç=>¾�ÓÇl �ÌÍÆRd/Rb Ð$éÓx4.16(b)tçMARS sκT ÊuvéÓÔjs�tÓÇwx¿!Ý"�ÃÝ�jÀÁÂß!Ý"�ÃÝ�¿yzêëÊ{ÐeÅ�x4.18 ¿��ÐÆ�~t¿ê|}¿~�Ê�ð ��$�#Ê��eÅ�~¿�ßÁ�Ð�UÓ��Ê��éÓÔjÐéÓÇw�¾m���¿CÉSÊ��Ó�s-�Ö×ØÙ(s)�α = 0 ¿
d-�Ö×ØÙ(d(α = 0))�α/π = 0.125 ¿d-�Ö×ØÙ(d(α/π = 0.125))�α/π = 0.25¿d-�Ö×ØÙ(d(α/π = 0.25))�α = 0 ¿p-�Ö×ØÙ(p(α = 0))�α/π = 0.25 ¿
p-�Ö×ØÙ(p(α/π = 0.25))�α/π = 0.5 ¿p-�Ö×ØÙ(p(α/π = 0.5))Çw�¾m
Z = 3 ¿êëÐ3�éÓÇk7kçfg9¿hÆCÉS¿?�s����Ý�Þß¿$�#s�N��ÐHI��Ð��ÍÕÓtç¾ÄÓÇx4.18 ¿�~;j�~;¿�0��Ð�e ��ÐσT jκT ¿M�tçÔÕç¿CÉSÊ�~¿�ßÁ�Ð��¾�Ówx
4.2, 4.5, 4.8, 4.9, 4.13, 4.14, TABLE I {|)Ç~�ÐCÉ Ð¡¢Ð£Æ¤ÈH ÊtUÓj¤È¿��jjæÐd(α = 0) jp(α/π = 0.25) Ð ÆéÓσT m��éÓwx4.19}Çk7kçBCDëm¤ÈÐ�ðÅuvÍÕÓtç¾ÄÓ67)Çu�¾qd(α/π = 0.125)q
d(α/π = 0.25)qp(α/π = 0.5) Ð$éÓσT mBCDës?j@A¥v¦kÆ ;¤ÈÐ$¦Å?j@A§�¦kÆÇÔÕsx4.18 ¿̈~�¿�0��Ð$©¦ÅÆÓÇÔÔ¾¤ÈÐ�ÓCooper$¿ª«9γ¬e2w2DH2/6 ¾�çÕÓÇw¬DN ¿®�~¿̄Í¾ÄÓ67)Çw = 10−5m,�D = 10−3m2/s�∆(0) = 10−3eV�H = 10−2T°éÓ°γ/∆(0) ∼ 1°±²æÕÓÇp(α/π = 0.25)°d(α/π = 0.125) Ê³́éÓÔ°¬µ¬¶·̧¹º¾ÄÓÇ�̧̧ç»�°æBCDë°MARS Ê¼½tç¾ÄÓÇ¦t¦�Ô¿¾¿¿CÉ¬DN ¿
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ÀÁ ÂÃ Ã

ÄÅ
ÆÇÆÇ
È ÉÊ
È ÉË
Ì ÍÎ ÏÐÑ Ò Î Ï ÏÐÓÔ ÕÖ× × Ø ÙÚ Ú Û Ú

Ü Ý Þ ß à áÜâãÜâä
ÝÝâÝ åæçèÜåæçèÜâÞáåæçèÜâá
Ü Ý Þ ß à áÜâãÜâä
ÝÝâÝ åæçèÜåæçèÜâÞáåæçèÜâáÝÝâá
Þ
åæçèÜåæçèÜâÞáåæçèÜâáÝÝâá

Þ
åæçèÜåæçèÜâÞáåæé èÜâá

4.16 p-®̄°±²³́µ¶·̧¹º»¼������êë��¼������½-.ìíîDOSïÐ1#ð̧JÆÊæðÅÆÓÇp(α/π = 0.25)CÉ¾¬DOS¬ñò-.¿�:ÐóN/0&+ß,Á�Á�Ê�¿Çô�¾õd(α/π = 0.125)CÉ¾¬DOS¬ö¿ó÷̧/0&+ß,Á�Á�Ê� ̧Æ64)Çö¿êë�øùú'Ý+ß�ûîSTSï¾ü1¾ýÓ!Ý"�ÃÝþσ0¬ÔÕç¿ÿEÊ��éÓÇÔÔ¾σ0¬w�¾1�ÍÕÓÇ
σ0 =

1

2T

∫ ∞

0

Re cos θdε

cosh2[ ε2T ]
(4.33)

Re cos θ¬�R-.¾���ÍÕ DOS ¾ÄÓÇÔ¿�Êx = 3L/4 ¾T/TC ¿��°¦Å�4.20 Ð��¦ Çp(α/π = 0.25)CÉ¾¬d(α/π = 0.125) ¿°ý°¬$�ðÐ	
¾�Á�Ê�¿Ô°��tÓÇ¦ �ðÅSTS ÊÆÓÔ°¾ÔÕç¿CÉÊÑ�ð��Ð³́éÓÔ°�¾ýÓÇ
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����
�� �� �

� ��
� ��

� �� � ! � � � � "# $%& & ' () ) * )+,
--./-.0-.1

2345623456./723456.7--./-.0-.1
2345623456./723456.7

6 - / 8 0 76.976.:6.:7 2345623456./723456.76 - / 8 0 76.976.:6.:7 2345623456./723456.7
;4.17 p-<=>?@ABCDEFGHIJ������êë��J������KLMNOPQRSMNOPTUQRVWXYSMNOPTUQRVXYSMZOPQRSMZOPTUQRVXYSM ZOPTUQRVYSL NOPTUQRVWXYSNOPTUQRVXYSMZOPQRSZOPTUQRVXYS NOPQRSZOPTUQRVYS

ZOPQRS NOPTUQRVWXYSNOPTUQRVXYSZOPTUQRVXYS NOPQRSZOPTUQRVYS
NOPQRS ZOPTUQRVYSNOPTUQRVWXYS ZOPTUQRVXYSNOPTUQRVXYS

[\]̂ _̀ ab̂ _cdef
[\]̂ _̀ ab̂ _cdgf
hbbij\]klak]̂m\nd\̂ io

;4.18 s-pd-pp-<=>?@qrstuvH;.
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;4.19 J������C£¤¥¦§K

¨© ©
ª «¬  ®̄°  ® ®̄°± ² ³́µ ¶ ¶ ·¸ ¸ ¹ ¸º»

¼ ¼½¾ ¼½¿ ¼½À¾
¾½¾
¾½¿

ÁÂÃÄÅÆÇÂÃÄÅÆ¼ ¼½¾ ¼½¿ ¼½À¾
¾½¾
¾½¿

ÁÂÃÄÅÆÇÂÃÄÅÆ
;4.20 STS ÈÉÊËÌÍJ������K



128 O4PQÎ RÏÐÑ/ÒÏÐÑCÓSÔ�UÕÖ°VWHI

×4.1 σTêκT CØÙÈCÚÛÜK
pairing symmetry σT κT

s reentrant exponential

d(α = 0) linear linear

d(α/π = 0.125) inverse linear

d(α/π = 0.25) inverse linear

p(α = 0) inverse exponential

p(α/π = 0.25) inverse linear

p(α/π = 0.5) linear linear
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4.4 ßàáâã¬äÎåæç/ ÒÏÐÑèÓéÔ�êÕëìíîïðñòóðþôõö÷ôøðù̧úûüôý°ãôUsadel þÿöÔ�ýÐ�å�s-�d-�p-�ÒÏÐÑ÷�åèÓéô��°Öô��	
÷æçÔ������Õ�Ó÷�����å���ÝÞ���ôó÷Ô����ÎÕ��� è!"�ëìíîïðñòóðþÔ#�$%&'÷()���*ô*�� è!"�	+,î-ì./ã012��öô�ý345�Ö÷6���*�Ô789��Õ�:�d-�p-�ÒÏÐÑèÓÔ�êÕMARS ô;<�ëìíîïðñòóð=÷>?@Õ�*Î�AôBCÔDEãFÕ�DN/S úGH ÔI��MARS ô;<�Fermi+,î-ìÔIêÕJKLM÷NOÔPQ@R9S9�TôBC�345�U7+,î-ìV#�$%Wôå�Ö÷6���RXRèÓéôYZ[\Îåëìíîïðñòóð=�]̂_̀ðabîôcdðeìf÷gh9�ijãjMÔk9�l;Ô�ÕRå29�mn�cdðeìfôþoVÖpôþo�qrÔ�s��Õ�Fã�ÕRïðñòóð=�ëìíîïðñòóð=�jMôtu�9�ÒÏÐÑô]̂kv�Ôwxyz9��ÕR*ô*��{|ô}~Ý"����ìó÷���x��Î��ÒÏÐÑô]̂kv�V��ãFÕ���÷��9��ÕRáâã��þOÒÏÐÑ÷��åN/S èÓ÷9��åR��ô�*�s-�ÒÏÐÑÔk9��xäÎåS/N/S èÓ�ôëì����Þô��VBezuglyi�ÔBs��\Î��Õ68)RS/N/S èÓã���AR�3��O�-b��÷I-V�lÔ���@*�V Ss��Õ69–76)R�þO¡¢£¤÷��åS/N/S è¥ã���¦��pì§̈t©�Josephson�pôjMyz�÷�@*�Vª�«��¬77)R�þO¡¢£ôTôBC�I-V�l�ô!"���®̄O�°±ã�¬R
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5.1àáâãäåæç/èåæç(N/S)éêëìAndreevíî(AR)1)ìïðñòóôõö÷øùúIûüýþ�ýÿ����õ���ë�ü�ARìðñòóôó�	
∆��ý��ðñòóô��þ�N���î���	
���õ����	
���õ�ôòú�þ�íî� ü��!ýõë�ü�N/Séêëõ�"ö÷�#$%ü�&Blonder'Tinkham'
Klapwijk (BTK)ì(�ñò)�*+,���-.%ü/0�12��2)34 ú��5)�*+,��õó�	
õ�!�678ARú��)�*+,���29ú�ü:��;��ú�þ�3:õ<=ì>?@ç/èåæç(F/S)éêúAB� 'Fõ���CDE�FGHúIJýü�&úKL �3–5)3F/SéêëìFMõNOPú�þ�QR@ìS� ü�&ARìTU� ü6)34õVW5éêXõ)�*+,��ìTU� ü7)3���úYZ��ö÷øùì��õ����[\��]��̂_̀��\üaÿ�ú��!ü3:õCbì���(cd+�efg ��ü3���(cd+�ì��̂_̀�8h�)��iô,jõkl�mn� ü�&5opqr�st�uv��ü8)34õMëý2wx��y�(2DEG)úIûüö÷øùjõ���z{|}\lõ~����ü��ú��õ����8� ��ü9–14)3DattaeDasìF/2DEG/FéêúI��Rashba���z{|}\l(RSOC)15)ú�þ���õ���õ�����[\%ü�=�12��16)3:õ���z{|}\lì���PúYZ��I�5�ô(��ú�þ���ërü3��ë5>?@ç�l��5���z{|}\lõ�úYZ�����úYZ��ö÷øù5�e�g���úYZ��Hall�W5õ��ý�ost��&��ü��ë�ü17–19)3

F/SéêëõNOPõPêõ�!ú'RSOCì2DEG/Séêú�ûü)�*+,��ú~����ü�ý� ��3����RSOCì�	
���õ��e*�����õ��� �ü��ë�ü�RSOCìðñòóôC¡�¢£%ü�5:õC¡ì>?@çMõNOPe¤��¥¦í§̈©@�S���ª«5.1¬®3̄þ�2DEG/Séêëõö÷øùìF/Séêëõýõeì°@Hú¤�ü�ý� ��3���'2DEG/SéêëõRSOCõö÷øùjõ~�ì����� ����34:ë:õéêXëRSOCõ�W�±�²³́/0�\üõ�µ¶��3:õtHõ�&úBTKH�/0�·̧ë�ü�'BTKú�ü)�*+,��õæ¹ì2DEG/SéêúìºéABër��3����RSOCú�þ�»¼½.��¾̈¿ÀC�����ë�ü3
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Á5ÂRashba���z{|}\l�ý�2wx��y�/èåæçéêXú�ûü�"ö÷ÃÂëì¾̈¿ÀC���ÄÅõ»¼½.�úklërüèåæéêXëõ)�*+,��õæ¹=�Æ%34 �l��2DEG/Séêëõ(�ñò)�*+,���-.�'
F/Séêú�ûü)�*+,��eÇÈ�'RSOC�AReÉôÊòíîËEúÌõ�!�~����ü��;��ú%ü3Í
ÎÏ
Í
ÎÏ
ÐÑÑÒÓÔÕÖ×ØÙÙØÔÚÛÓÕÜÝÓÕÖ×ØÙÙØÔÚ

ÞØÒÑßÑàÑßÕÓ×ÕáÒÒÑÙßáÕÙÓÙÑ âßãäÑÔÙØÒÑßÑàÑßÕÓ×ÕáÒÒÑÙßáÕÙÓÙÑå5.1 RashbaæçèZeemanæçéêëåì
5.2íîïðñòóô«5.2úÆ%�!úõwxõ_ö�÷ø	+�2DEG / Séê�ù�ü3x = 0ú�ü(yúúûþ�)2DEG/Süýì̂ò,þÿú�þ�#$� ü��ç_ö�U(x) = Uδ(x)���e%ü3

RSOC�ý���Hamiltonianì
H =











ξk iλk−θ (−x) 0 ∆θ (x)

−iλk+θ (−x) ξk −∆θ (x) 0

0 −∆θ (x) −ξk −iλk+θ (−x)
∆θ (x) 0 iλk−θ (−x) −ξk











(5.1)

ë��� ü3::ëk± = kx ± iky5ðñòóôó�	
∆5ξk = ~2

2m

(

k2 − k2
F

)'Fermi�ÿkF , RashbaVê°ÿλ5��þÿθ(x)ë�ü3
x��õ»¼½.�ì��ë��� ü20)3

vx =
∂H

~∂kx
=











~
mi

∂
∂x

iλ~ θ (−x) 0 0

− iλ~ θ (−x) ~
mi

∂
∂x 0 0

0 0 − ~
mi

∂
∂x − iλ~ θ (−x)

0 0 iλ~ θ (−x) − ~
mi

∂
∂x











. (5.2)

x ≤ 0ëõ�ÿk1(2)õ	î�ú̈%ü��þÿψ(x)ìHamiltonianõ
�þÿ�l�
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����� !"

����� !"
#!�� $

#!���%&�'()*%+) �%���

,-./01234563471048908:2;3-<
=>"? ��@ �A����%!"B$C$D$C$D EE

����� !"�%&�'()*%+) �%���

å5.2 FGHIéêëåì�J� üK
ψ(x ≤ 0) = eikyy













1√
2
eik1(2) cos θ1(2)x













(−) i
k1(2)−
k1(2)

1

0

0













+
a1(2)√

2
eik1 cos θ1x











0

0

ik1+k1
1











+
b1(2)√

2
eik2 cos θ2x











0

0

−ik2+k2
1











+
c1(2)√

2
e−ik1 cos θ1x











−ik1+k1
1

0

0











+
d1(2)√

2
e−ik2 cos θ2x











ik2+k2
1

0

0





















(5.3)::ëk1 = −mλ~2 +

√

(

mλ~2

)2
+ k2

F5k2 = mλ~2 +

√

(

mλ~2

)2
+ k2

F5k1(2)± = k1(2)e
±iθ1(2)ë�ü3a1(2)eb1(2)ìARLÿ5c1(2)ed1(2)ìÉôÊòíîLÿë�ü3θ1(2)ìüýõ=Me�ÿk1(2)õ�õ�%¿¼ë�ü3
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Á5ÂRashba���z{|}\l�ý�2wx��y�/èåæçéêXú�ûü�"ö÷NOúx ≥ 0ëψ(x)ì��ë��� ü3
ψ(x ≥ 0) = eikyy











e1(2)e
ikF cos θx











u

0

0

v











+ f1(2)e
ikF cos θx











0

u

−v
0











+g1(2)e
−ikF cos θx











v

0

0

u











+ h1(2)e
−ikF cos θx











0

−v
u

0





















(5.4)

u =

√

√

√

√

1

2

(

1 +

√
E2 − ∆2

E

)

, v =

√

√

√

√

1

2

(

1 −
√
E2 − ∆2

E

)

(5.5)::ëEìPQ�õðñòóô5θìüýõ=Me�ÿkFõ�õ�%¿¼ë��5e1(2), f1(2), g1(2)5
h1(2)ìR�Lÿë�ü3y��úìST̈©@�À�Uþ��üõëüýúVW���õ��hìXZ%üKky = kF sin θ = k1 sin θ1 = k2 sin θ23��þÿì��õYüZ[ú̄!20) K

ψ (x)|x=+0 = ψ (x)|x=−0

vxψ (x)|x=+0 − vxψ (x)|x=−0 = ~
mi

2mU~2 τ3ψ (0)

τ3 =











1 0 0 0

0 1 0 0

0 0 −1 0

0 0 0 −1











.

(5.6)

��ë)�*+,��õ/0�æ�3\]�-.õ̂ú5)�*+,��õæ¹õÃ_H�ù���$�ü34 ì¶�̀ õmna�-.�4 �l���̀�-.%üe�!ýõë��5��õ�!ú���̀õJ0�b¶ü32DEG����¶�ì�ôò�	î� �er54õ2DEGMëõ̀ je5jhì4 c 
je = Re(ψ†evxτ3ψe) ∝

(

1 +Ahe +Bhe − Cee −Dee
)

(5.7)

jh = Re(ψ†hvxτ3ψh) ∝
(

1 +Aeh +Beh − Chh −Dhh
)

. (5.8)e�ü3NOúS����¶�ì�ôò�	î� �er54õ2DEGMëõ̀ j′e5j′hì4 c 
j′e = Re(ψ′†e vxτ3ψ

′
e) ∝

(

F ee +Gee −Hhe − Jhe
)

(5.9)

j′h = Re(ψ′†h vxτ3ψ
′
h) ∝

(

F hh +Ghh −Heh − Jeh
)

. (5.10)



5.2 �̂òe-.�= 143ë��� ü3::ëAheeBhe5CeeeDeeì4 c ��	îú̈%üARËEeÉôÊòíîËEë�ü3F eeeGeeì��õR�ËEë��5HheeJheì	î���üýë�ôòúdLüR�ú̈%üR�ËEë�ü34õeõ#fýNOú°g%ü3h�õiU�
�þÿ5�¶�õjkõ��HPQ�eõjkõ�ôòHPQ���ü:eúsÅ��%ü3l�̀ì��ë��� ü3
I = e

∫ ∞

−∞

(

jef(E − eV ) − jhf(E + eV ) + j′ef(E) − j′hf(E)
)

dE

∝
∫ ∞

−∞

(

1 +Ahe1 +Bhe
1 − Cee1 −Dee

1

)

(f(E − eV ) − f(E + eV ))dE. (5.11)�þ��̈m¼ëõnC)�*+,��ì��õo�ý�K
dI

dV
∝
(

1 +Ahe +Bhe − Cee −Dee
)

(5.12)::ëf(E)ìCpþÿ5Vì_̀����ë�ü3::ëQ�-�ôò̈©@�q°�5
Xee = Xhh5Xhe = Xeh(X = A,B,C,D,F,G,H, J)õþL�l���BTKõ<=2)ì¾̈¿ÀC�ý�»¼½.�ì±�r!:e�ër��3���5::úÆ��)�*+,��õæ¹ì¾̈¿ÀC�ý�ÄÅõ»¼½.�úslërü3�tõ<u�vwõ�̂òúsl%ü:eú%ü3�ÿk1õ	î�ú̈��õ̀ ì��ë��� 

j1e =
~

2m

(

1 +
k2

k1

)

k1 cos θ1

(

1 + |a1|2 + |b1|2
k1

k2
λ21 − |c1|2 − |d1|2

k1

k2
λ21

)

(5.13)�ÿk2õ	î�ú̈��ì��ë��� ü3
j2e =

~

2m

(

1 +
k1

k2

)

k2 cos θ2

(

1 + |a2|2
k2

k1
λ12 + |b2|2 − |c2|2

k2

k1
λ12 − |d2|2

)

. (5.14)::ëλ12eλ21ì��õ�!ú°g� ü3
λ12 =

k1 cos θ1
k2 cos θ2

λ21 =
k2 cos θ2
k1 cos θ1

. (5.15)�xHúywxz{|}~���������������|��
σs = N1

∫ θC

−θC

1
2

(

1 + k2
k1

)

∫ θC

−θC

[

1 + |a1|2 + |b1|2 k1
k2
λ21 − |c1|2 − |d1|2 k1

k2
λ21

]

cos θdθ

+N2

∫

π
2

−π
2

Re1
2

(

1 + k1
k2

) [

1 + |a2|2 k2
k1
λ12 + |b2|2 − |c2|2 k2

k1
λ12 − |d2|2

]

cos θdθ

=
∫ θC

−θC

[

1 + |a1|2 + |b1|2 k1
k2
λ21 − |c1|2 − |d1|2 k1

k2
λ21

]

cos θdθ

+
∫

π
2

−π
2

Re
[

1 + |a2|2 k2
k1
λ12 + |b2|2 − |c2|2 k2

k1
λ12 − |d2|2

]

cos θdθ
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≡
∫ θC

−θC

cos θdθ (1 +A1 +B1 + C1 +D1) + 2 (1 +A2 +B2 + C2 +D2) (5.16)

N1 =
1

1 + mλ~2k1

N2 =
1

1 − mλ~2k2

. (5.17)

N1 �N2 ��|c|�ÿk1 �k2 �̈ ¡λ = 0 ��a�¢£z }¤¥¦§�̈��©üªθC �cos θC =
√

2mλ~2k1
�«g{|��σN �¬®̄¤¥��~������°�±²∆ = 0 ��σS �̈��¢£z{|}~�������σT = σS/σN°³́µ��

β = 2mλ~2kF
°Z = 2mU~2kF

�«g¶��vw�2DEG �S ��N·�̧_¹�º»��¼½�¾�2DEG �¿��À̧_¹�S �¿����Á²ÂÃ�Ä{»� Å °Æ�̧Ç�Z�ÈÉ�ÊË�̈�Æ��Ì¶Æ���Í���°ÎÏ��À̧_¹�Ð»�yÑ¶�Æ��¶��
5.3 ÒÓÔÕ±ÂÖ5.3 �Ì¶Á×�ØÙÚ��ÛV �ÜÝ� ¡¢£z }~������σT �Þß�Æ��¶�àAR áâ�Ä{»Z = 10 ��Í°σT �ãǟååæçèé��ê�ëìí�̈²β �ê�ëìîï ¡»ð»��|��ñòó�Z = 1 ��Í�σT �ôõ�Ûö÷�β ����øÂÅ�ÈÉ¶�àAR áâ��¡�ù»Z = 0 ��Í�σT �
β = 0 �ñ ¡ãǟååæçèé�2 �ð²°β �ÈÉ����úû{|��ü�ýRashba þÿ�̧Ç�Zeeman þÿ�̧Ç�Ð»�Þß�Æ��¶�àF/S���~���������7) ��»�� }�Ö5.4 �(a)-(c) �2DEG/S���¿��°(d)-(f)�F/S ��¿��ôõ�Û�����¤¥��~�������ÖÌ }�(a) �(d) ��Z = 10°(b) �(e) ��Z = 1°(c) �(f) ��Z = 0 ��ë��(a)-(c) ��β = 0 �ñ¶�σN �¢£z }σS �βîï���	ðZ �ñ ¡Ì }�Z = 10 ��¢£z }~�������β �ñ ¡
ÝÜÝóðîï��������Í{��¡�Ä{»���Z = 1 �ñ ¡�β �ÜÝ� ¡�ã��́��ð���»�¶��Z = 0 ��β �ÜÝ� ¡��ó��� ¡»½��|��ñòó�F/S ����σS ���¾U�ÆÆ��Fermi ãǟåEF �¢£z¶��îï���ó�ÐÃ¡»��U = 0 ��σN �¢£z }σS �ÖÌ¶�Æ��¶��(d)-(f) �Ì }Á×�Z �îï�Â��¾���σS �úû¶��Æ|�AR áâ���¾�ÁÃ¡�� }Å��̈���Ã¡Rashba þÿ�~��������� �
Zeeman þÿ�~��������� ��Î�ó�!ðÃ¡»�Æ��øÅ��Æ|�"#�Á×�$%{|�àZeeman þÿ�Úçè�����&��������Ý�'(�)Í*Æ¶�ÁÃ¡Úçè�����&�������ñ�S+�,- ¡»½AR�úû{|���|��ñòó�Rashba þÿ���Á×ð'(�)Í*Æ{ð»�ÁÃ¡AR �úû¶�Æ��ð½°��}.~��������	ðβîï��̈�ø|���̈��~�������/��$%¶�}.°�Û�ÜÝ� ¡ª§01 }¬®̄23áâ�ARáâ�Þß�Æ��¶��Ö5.5 ��Z = 10 �ñ¶�23áâ�Ì ¡̈��AR
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NOPQ
QOP RSTRSTONRSTOP
T TOP NNOQNOU
NOVNOWQ RSTRSTONRSTOP

TNQ
XU RSTRSTONRSTOP
NNOPQ
QOP RSTRSTONRSTOPNNOPQ
QOP
NNOPQ
QOP RSTRSTONRSTOP
T TOP NNOQNOU
NOVNOWQ RSTRSTONRSTOPT TOP NNOQNOU
NOVNOWQ RSTRSTONRSTOP

TNQ
XU RSTRSTONRSTOPTNQ
XU
TNQ
XU RSTRSTONRSTOP

Y5.3Z[\]̂_̀abc̀de(a)Z = 10f(b)Z = 1f(c)Z = 0eáâ(A1, A2, B1°B2) �β �ÈÉ����eV = ∆ �g²�øÂÅ�ÈÉ h��ij���Á×�ð��¬®̄23áâD1 �D2 �β ����ÈÉ¶��°C1 �C2 �β�ÈÉ������¶��k»�lmnoÝk1(k2) �23o�RSOC �ÁÃ¡úûpm��q.�m���Æ�q.̈»�úû�r»�s� °tuvwxuy�RSOC �ê�ëìîï ð½ð��C1 �C2z���D2 �D1zÈÉ�¤¥¦§zβîï��2{ ¡»�|N1 �βz��ÜÝ�°N2 �βzÈÉÜÝ�̈��Z = 0 �ñ ¡��Ö5.6�¬®̄23áâC2 �D1ýARáâB1 �A2 �β ����øÂÅ�ÈÉ¶��¬®̄23áâC1 �D2 �β ����ÈÉ¶����ýAR áâA1 �B2 �βzÈÉ����ãǟååæçèé���¶��"}zÆ��~3o�h·�ÀÜÝ���RSOCz� ����Æ���� ¡»��A1 �B2z���βzÈÉ�Á�2DEG �Sz�zFermi�z'(�Á���l�m��Ö5.6 Å�RSOC �ÁÃ¡tuvwxuy�úûpm�Æ�����Í�(�(5.16)�ò)�
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ÔÏÓÐ
ÎÏÕÔÎÏÕÐ
ÎÏÕÖÎÏÎÔÒÎÏÎÔÓÎÏÎÐ
ÎÏÎÐÐ

Î ÎÏÐ ÎÏÑ ÎÏÒ ÎÏÓÔÏÑÔÏÒ
ÔÏÓÐ
Î ÎÏÐ ÎÏÑ ÎÏÒ ÎÏÓÔÏÑÔÏÒ
ÔÏÓÐ
ÎÏÕÔÎÏÕÐ
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ÎÏÎÐÐ
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Y5.4 2DEG/SØÙÚRSOCÛÜÝÞ]ßàáYâãF/SØÙÚäåæÛÜÝÞ]ßàçYâÛèéêëÚÛìíîïðÚÛ_̀abc̀de(a)Þ(d) Z = 10e
(b)Þ(e) Z = 1e(c)Þ(f) Z = 0eβ = 2mλ

~2kF
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9:

;<=;<>;<?
;<@A BC;BC;<ABC;<D;<=;<>;<?
;<@A BC;BC;<ABC;<D

;;<;=;<;>;<;?;<;@ BC;BC;<ABC;<D;;<;=;<;>;<;?;<;@ BC;BC;<ABC;<D
E:
F:

G:

HIJ

;<=;<>;<?
;<@ BC;BC;<ABC;<D;<=;<>;<?
;<@ BC;BC;<ABC;<D

; ;<D A;;<;=;<;>;<;?;<;@ BC;BC;<ABC;<D; ;<D A;;<;=;<;>;<;?;<;@ BC;BC;<ABC;<D
HIJ

9K

EK
FK

GKL MN
L MO
P QR
S TU

V WX
Y Z[\ ]^
_à

;=>
? BC;BC;<ABC;<D;=>
? BC;BC;<ABC;<D

; ;<D A;;<=;<>;<?
;<@A BC;BC;<ABC;<D; ;<D A;;<=;<>;<?
;<@A BC;BC;<ABC;<D

bA;cd

bA;ce ;=>
?@ BC;BC;<ABC;<D;=>
?@ BC;BC;<ABC;<D

;A=f
>D BC;BC;<ABC;<D;A=f
>D BC;BC;<ABC;<DbA;cd

bA;cg

Y5.6 Z = 0 !"#$%&'(]̂Andreev )*+,Þ-./0)*+,eA1fA2f
B1fB2 1AR+,eC1fC2fD1fD2 1-./0)*+,e
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º6»¼½¾¿ÀÁÂÃÄÅÆÇÈÉÊËÌÈÍÎÏÐÑs-ÒÍÎÏÐÓÔÕ
6.1 Ö×ØÙÚÛÜCePt3Si ÜÝÞßàáâãäåæçèéÜêáëìíîÜïðñòóÜôõö÷øùúëëíûüýþíîðÿ1)��Ü�����Rashba��	Ü
�������
(RSOC)2,3) â���áÿ��â���áîðÿ��ÜRSOC��úî����ãäåæçèéÜêáëôõö÷ß���� ý!"��#��â$�áîðÿ4–8)�%&%'(&Ü��	Ü
�������(SOC)'ë�)*Dresselhaus��	ÜSOC9) âãäåæçèéÜêáëôõö÷�+Ü�,�-.ý/0#&ßù1�234áîð�ð�56��78ý23ÿÜßï9øùÿ��:�4ôõö÷Ü;<çèé�SOC ß=>?@�AB%îðÿ&4øùÿ�5C'Frigeri4ßCePt3Si Ü;<çèéßd (k) ∝ x̂ky−ŷkx øD)4áÿ��ýEF%ë3)���ø̂x�̂y ßGHIJKLøùÿ�%&%'�ÜKM	NOKÜ;<çèéßPQ�øß�ð10)RSamokhin ßCePt3Si ÜSOC ßSTø"ÿ(+U�V�ð��ýWX%ë11)��YÜ��Z;<çèé�[ðîÜ\ÞÜ5]ß�ð�̂úî_
CePt3Si Ü;<çèéǛaý�ðîb�cýde%'fg=��h3ÿÜâi1%ð�jkÜ��&4SOC ýl[mC�ôõö÷(USs) Ü56��éný23ÿ��âi1%ð�ð)ÿ�àáýo4&�%ëp'àÜ=�ýRSOC ýl[US ÜK�qLr8�s�#ÿ�à%îKM	NOKôõö÷�[ðîÜK�qLtuÜ�"�vwO	xqLvy��yJ?@â�áÿ��ý$#��Ü=�ßãäåæçèéÜêáëUS Ü;<çèéýPíÿÜ�z�{[�|}áÿ��:�4ôõör8øÜK�qLtußàÜ;<çèéý23ÿ~��C�øùÿ&4øùÿ��õö÷/ ôõö÷(N/S)r8óøßAndreevå�(AR)12) ß�xqLvyÜ��� ��ðîlú�lï9�� Ü5[øùÿRAR Ü��ý����áîBlonder, Tinkham_
Klapwijk (BTK) ßK�qL���J��
Üde��ý��k�ë13)��ÜC���úîôõö÷ÜxqLvyvwO	ýo4&�ø"ÿ��Ü��ßUSs Üéný23ÿëí�õö÷/mC�ôõö÷(N/US)r8ó�l���áë14,15)�f�_N/USr8øÜK�qL���J��
Üde��QßUS Ü;<çèéý23ÿÜ�z�{úîðÿ��:�4K�qL���J��
ßMARS Ü��Üëí�;<çèé�����ÿ&4øùÿ14,15)�%&%'K�qLr8øSOC Ü��ýðáë��ß�ð���øß��14,15)Ü��ýRSOC ý���áÿ��ø56�%'KM	NOKçèé(d (k) ∝ x̂ky−ŷkx) ýl[US&4�ÿr8�s�%ë�ãäåæçèéÜêáëUSs ß�� NOK�KM	NOKÜ�tý�l�l[â5)'��øß¡ðSOC ý�)îKM	NOKÜ�tÜ¢ý£5¤¥�%î�)ÿ3)�
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�������ý¦[KM	NOKôõö÷Üs-§ôõö÷�énÚì�Bogoliubov-de Gennes (BdG)C̈�ý©V��øSOC ýl[USs Ü56��énýo4&�#ÿ�àÜ=�ý�ðRSOC âBY#ÿN/USr8Ü���J��
ýde#ÿ�RSOC ßKM	NOKôõö÷Ür8�ç%îlK�qLtu��ðîvwO	xqLvy��yJý��#ÿ��ý$#�àÜ=�ßSOC ýl[US Ü56��én&4ªo�áÿ�«4áë=�ßãäåæçèéÜêáëUS Ü;<çèéýPíÿfgÜ©¬�z{[®ýD),ÿ���øß̄G�°±Lý�ðÿâ'²³Ü=�ßb�Ü�ný�4)îðÿ�́µÿ�j¶øß·ç̧¹�ºý»ÿ���#ÿ�
6.2¼½¾¿ÀÁÂÃ1µÜSOC ýl[USs Ü56��éný23ÿ��&4ßÄíÿRSOC ý¦[BdGC̈�Ü~�Hamiltonian ý�)ÿ�àáßj¶øD)4áÿ�

Ȟ =

(

Ĥ (k) ∆̂ (k)

−∆̂∗ (−k) −Ĥ∗ (−k)

)

(6.1)

Ĥ (k) = ξk +V (k) · σ'̂∆ (k) = i∆σyÅ�� NOK;<Æ'̂∆ (k) = (d (k) · σ) iσyÅKM	NOK;<Æ���øξk'k'σ ßàáÇáFermixqLvy&4�úëñòÜxqLvy'ñòÜnc_PauliÈÉøùÿ�̂H (k) Ü£ÊËV (k) · σ ßSOC ýù4}%îðÿ�ë�)*'V (k) ∝ x̂ky−ŷkx ßRSOC�çs%'V (k) ∝ x̂kx−ŷky ßDresselhaus��	ÜSOC�çs%îðÿ�ÌÍßÎÏ�MÐÑý�)ÿ���ød (k) ‖ V (k) øÒCÜIJKLâfÓÜ�tÜ¢ý¦Ô'ãäåæçèéýêÿâÕäåæçèéýÖB#ÿ�,�V (−k) = −V (k) â��{[��ý×Q#ÿ�ØÙd (k) ‖ V (k) ßU�ðSOC�ç%îÚlÚðTC ýD)ÿ3)�
BdGC̈�ßñò�ÛÜò�ç%î

Ȟ

(

û±
v̂±

)

= E±

(

û±
v̂±

)

(6.2)ÝyL�ÛÜò�ç%î̌
H

(

σyv̂±σy
σyû±σy

)

= −E±
(

σyv̂±σy
σyû±σy

)

(6.3)��ÿ���ø'
E± =

√

(ξk ± |V (k)|)2 + |∆|2, (6.4)

û± = u±0

(

1 ± V̂ (k) · σ
)

, v̂± = v±0
∆̂†

|∆|
(

1 ± V̂ (k) · σ
)

, (6.5)
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u±0 =

√

√

√

√

√

1

2



1 +

√

E2
± − |∆2|
E±



, (6.6)

v±0 =

√

√

√

√

√

1

2



1 −

√

E2
± − |∆2|
E±



, (6.7)

V̂ (k) = V (k) / |V (k)|'|∆|2 = 1
2Tr∆̂∆̂† øùÿ��Ü��ßÞ{�ß[Üà~áÓ'[1�à~âE± ýl[ñò�ÛÜò�ÝyL�ÛÜòâBY#ÿ��ý$%îðÿ�j¶øß[Üà~áÓÜénýã�#ÿ���#ÿ��� NOK;<�[ðîß̂∆ =

i∆σy øù�'�Ü�"ä�â«4áÿå
v̂± = v0

∆̂†

|∆|
(

1 ± V̂ (k) · σ
)

= −iσyv0
(

1 ± V̂ (k) · σ
)

(6.8)5C'KM	NOK;<�ç%îß̂∆ = (d (k) · σ) iσy ý�ðîj¶Ü�ý«ÿå
v̂± = −iσyv0

(

V̂ (k) · σ
)(

1 ± V̂ (k) · σ
)

= ∓iσyv0
(

1 ± V̂ (k) · σ
)

. (6.9)�úî'�� NOK;<�ç#ÿà~áÓ�KM	NOK;<�ç#ÿà~áÓßæ)ç’+’ ý¦[lÜ�á%îßèÄ�ý¦úîðÿ��â}&ÿ��Ü�����KM	NOK;<�ç#ÿß[Üà~áÓÜ,Ôé[âvwO	Üê"�|∆| âèÄkABéý¦úîðÿ�"�� NOK;<�ç#ÿlÜ�5]#ÿ��'�V�|∆| âk�AB%�ð�"s-§ôõö÷�ç#ÿé[Üà~áÓ�5]#ÿ��â}&ÿ��Ü��&4SOC ý¦[KM	NOKôõö÷âs-§ôõö÷��éný¦[��â$ë�áÿ��Ü��ý$#ì�%î_US âs-§ôõö÷��éný¦[ëíÜØÙýíë#�×Q%N/USr8øK�qL���J��
ýde#ÿ�éäîÜïM
ðñOJ�N/USr8ý�)ÿ�y-ò�óúëx = 0�ùÿN/USôõ�ßU(x) = Uδ(x) øù4}�áÿ·ö÷ïM<âùÿ�#ÿ�d (k) = ∆
|k| (x̂ky−ŷkx)'

V (k) = λ (x̂ky−ŷkx)�÷ø�λ ßRashba=8QÓøùÿ�Hamiltonian Üà~áÓß
T
(

u0, −iα−1
1 u0, iα

−1
1 v0, v0

)

, T
(

u0, iα
−1
2 u0, iα

−1
2 v0, −v0

)

, T (iα1v0, v0, u0, −iα1u0),
T (iα2v0, −v0, u0, iα2u0) øù�'α1(2) =

k1(2)−
k1(2)

, u0 = u+
0 = u−0 , v0 = v+

0 = v−0 , k1 =

−mλ~2 +

√

(

mλ~2

)2
+ k2

F , k2 = mλ~2 +

√

(

mλ~2

)2
+ k2

F'k1(2)± = k1(2)e
±iθ1(2)��V���ø

E+ = E−�%'θ1(2) ß§Ók1(2) ýl[§ÜôõÜ�ùCú��#û¹'kF ßFermi§Ó'm ßUS Ü~�ncøùÿ�x-CúÜü¹ýeòßä�øQþ�áÿ16)�
vx =

∂Ȟ

~∂kx
. (6.10)

x ≤ 0 (Nÿ�) øÜkFx = kF cos θ ýl[<O	Å���Æ
��ÐÑÜ��§�ç#ÿ
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ψ (x ≤ 0) = eikyy











eikF xx











1 (0)

0 (1)

0

0











+ aeikF xx











0

0

1

0











+b eikF xx











0

0

0

1











+ ce−ikF xx











1

0

0

0











+ de−ikF xx











0

1

0

0





















(6.11)

��øθ ßN�ø§ÓkF ýl[§ÜôõÜ�ùCú��#û¹øùÿ�a�bßAR�Ó'
c�d ß�y�Lå�(NR)�Óøùÿ�²³ßFermixqLvy�h3îU�ðxqLvy�ûü%îðÿÜøñò�ÝyLÜäÜ§ÓÜ�ðßST#ÿ�è��%îx ≥ 0(USÿ�)�ç#ÿψ(x) ßà~áÓÜù�=8øD)4áÿ�y-Cú�ß	
çèéâ��{úîðÿÜøôõ��È���cßÖB#ÿåky = kF sin θ = k1 sin θ1 = k2 sin θ2. 6.1�°±LÜ��ý$%ë������� ����� ����������������������������

 ! "#$%&

 ! "#$%&
'%! ( '%! !)* +,-.)/-$#)"! 

(( (0(1 (0(1
 ! "#$%&!)* +,-.)/-$#)"! 

26.1 34567829
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ψ (x)|x=+0 = ψ (x)|x=−0 (6.12)

vxψ (x)|x=+0 − vxψ (x)|x=−0

=
~

mi

2mU

~2











1 0 0 0

0 1 0 0

0 0 −1 0

0 0 0 −1











ψ (0) . (6.13)

BTK��ýÌÍÜde�s�%î'j¶ÜSäî��áë���J��
Ü;�ý«ÿ�
σS =

∑

↑,↓

∫ π
2

−π
2

[

1 + |a|2 + |b|2 − |c|2 − |d|2
]

cos θdθ. (6.14)<=��áë���J��
ýσT = σS/σN øQþ#ÿ�σN ß�y�LÐÑ�ç#ÿ���J��
'[1�∆ = 0�ç#ÿσS øùÿ�j¶ø�ðÿ>?@y�ýβ = 2mλ~2kF
'

Z = 2mU~2kF
'g = mN/m�Qþ#ÿ�mN ßN �øÜñòÜ~�ncøùÿ�

6.3ÀÁABj¶øß<=��áë���J��
σT ÜñCV�ç#ÿABéý23ÿ�Z = 10'
g = 0.1 Ü�"ßβ ÜDE��l�σT ßeV = ∆ øÜââDE%'ÚF���yJ?@â�áÿ(6.2 (a))�5Cø'Z = 0'g = 0.1�ç%îßàÜ�,��yJßÞ)�ð(
6.2 (b))�ä�US �Ü~�ncÜ��ê"ð78ý�)'àÜ���J��
GÜ��ý23ÿ���#ÿ�6.3 ß(a) Z = 10'g = 0.01�(b) Z = 0'g = 0.01�ç#ÿ���J��
ý$%îðÿ�ÒCÜ78�l�ê"�β�ç%îeV = ∆ ø�yJâ�á'HV�úîðÿ�j¶ø6.2'6.3 ÜeV = ∆ øÜ�yJÜ�Iýªo#ÿ�K�qL���J��
Ü
eV = ∆øÜ�JyN�K�yJßN/Sr8øl�á13)_RSOC âùÿ�"ø�)à,øùÿ17)RRSOC ýl[Ì�)îðÿ;<Kð��wL�ç#ÿBdGC̈�Üß[Üà~áÓÜ,Ôé[âs-§Ü;<Kð��wL�ç#ÿlÜ�5]#ÿ�§Ók2 ýl[ñò�ÛÜò�ÝyL�ÛÜòý�Üé[Üà~áÓ�%î÷ø��âø"ÿ�f�'̂u±�̂v±Ü;�ý�ðá*s-§çèé�ç#ÿHamiltonian Üà~áÓý«ÿåT (u0, −iα−1

1 u0, iα
−1
1 v0, v0

)

,
T
(

u0, iα
−1
2 u0, −iα−1

2 v0, v0
)

, T (iα1v0, v0, −u0, iα1u0),
T (iα2v0, −v0, u0, iα2u0)��Ü��&4RSOC ýl[US ßs-§�éný¦[��â$ë�áÿ�β âD)ÿ�[á§Ók2 Üà~áÓÜLDß§Ók1 Üà~áÓ&4ÜlÜ��µú�ê"V�ÿ��:�4

k2 (k1) ßβ ÜDEÅMNÆáÓO&4øùÿ�%ëâúî���J��
ÜPÿQRS
US �TRSOCTDE�URs-§VWXTlTYZ[R\]̂O_̀abCcdeSfghijgkAndreevlmÐÑT̂nYopqrsptSs-uvwYxy[z{|}~_[R�14,15)]��[̀abCcdeS��T��VWXT�Y�X�{�R���]����eS�����[���RRSOCT�w������T�����_��R]�6.4S�
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®̄ °
±²±²

³́µ¶
·¸¹

º »¼
º »½¾¿

À
ÁÂ¾ÁÂ¾ÃÄÁÂ¾ÃÅ¾¿

À
ÁÂ¾ÁÂ¾ÃÄÁÂ¾ÃÅ

¾ ¾ÃÀ ¾ÃÆ ¾ÃÇ ¾ÃÈ ¿¿¿ÃÅ ÁÂ¾ÁÂ¾ÃÄÁÂ¾ÃÅ¾ ¾ÃÀ ¾ÃÆ ¾ÃÇ ¾ÃÈ ¿¿¿ÃÅ ÁÂ¾ÁÂ¾ÃÄÁÂ¾ÃÅ
É6.2 g = 0.1ÊËÌÍÎÏÐÑÒÓÔÕÖ×ØÕÙÚ�[���RRSOC YV���6.2 (a) �ÛÜÝÞßàsT�wTopqrspt�á_[R�]âãzYβTäå���Ys-u�{¦pæçopqrspt�èé[R�]��eê̂ëìS��e¤R̂��VWXYëíT�Te��]îï�_[��6.2 (a) �ÛÜÝÞßàseðzT��VWXT�w����]�6.5 (a)YñR[d (k) = − ∆

|k|kxŷ��6.5 (b)YñR[d (k) = − ∆
|k|kyŷ �òóô]õöT�w��¦pæçopqrsptY

RSOC Y���X�{}~Sêãé{R]÷dTCePt3Si TNMR TøùY��[CePt3Si T1/T1T Ss-u©ª«¬THebel-

Slichter �àr20) T�úYTC ûüeýþ{�àr�á����ÿz�[��18,19)]������VWX��é̂US �s-u©ª«¬��ZX��	�
������z�_é{�]
6.4����e�SOC ���US YV��BdGö��������X��ŷ]�{
���ü��úY��nãé�]�]�ü���üe¦§k̈g¦��YV������í����p ̈g¦��YV�����ÛÜ!Y{�"(i) d (k) �V (k)�#��$%�&�¥�](ii) d (k) ‖ V (k)]
(iii) V (−k) = −V (k)]þãY(iv) ijgk���þ|∆|�kY'(_{����¦§kg̈¦��Y)������í���s-u©ª«¬Y)�����*+��]�����
SOC ���¦§k̈g¦©ª«¬�s-u�X��̂��]��e,ãé̂
���p ̈g¦���¦§k̈g¦���-w�.�þé[��÷
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/01

2323
4567
89:
; <=
; <>?@
ABC DE?DE?FBDE?FG?@A
BC DE?DE?FBDE?FG
? ?FA ?FC ?FH ?FI @?@
A DE?DE?FBDE?FG? ?FA ?FC ?FH ?FI @?@
A DE?DE?FBDE?FG

É6.3 g = 0.01 ÊËÌÍÎÏÐÑÒÓÔÕÖ×ØÕÙÚd�JK5) ����YL{�]��e�¦§k̈g¦©ª«¬M¬��p ̈g¦�{X�¥����NO_̂�e��]�����á�P�_[RSOC���N/USvw�¦pæçopqrspt��ŷ]��
���ü����âãzY{�̂]�]RSOC�opqrspt�ijgkQæçiàYs-uvwYêãé��ú{�àr�R�S��]��[opqrsptY�s-u�p-u�X�èé�]���������)TX��é̂US���)TX�Un�1��VWY{��Xÿé�]
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Z Z[\ Z[] Z[̂ Z[_ `Z̀\
a]b cdZ[bcd̀cd̀ Zcd̀ ZZ
Z Z[\ Z[] Z[̂ Z[_ `Z̀\
a]b
Z Z[\ Z[] Z[̂ Z[_ `Z̀\
a]b cdZ[bcd̀cd̀ Zcd̀ ZZ
efg

hi ijhk lm mnono

É6.4 g = 0.1ÊËÌÍÎÏÐÑÒÓpÕÖ×ØÕÙ.

qrqr

stuv vwx vwy vwz vw{ |v
vw}| ~�v~�vw�~�vw}v vwx vwy vwz vw{ |vvw}
| ~�v~�vw�~�vw}

� ��
� ��v|
x�y
}
~�v~�vw�~�vw}v|x

�y} ~�v~�vw�~�vw}

É6.5�����Ë��ÊÊËÌÍÎÏÐÑÒÓpÕÖ×ØÕÙÚ
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7.1¬®̄°±²³́µ¶àç·�å̧¹º�»¼½¾¿ßÀµÁÂÃÄÅÆÇÈ·�ÉÊËÁÌÍÎÏµÐ#ÑÒ½ÓÔÕÖ×�ØÙ½ÚÛÜÝÞÖ·ßAndreevàá�âãÚäåÐæç1–3)ÝèéÜêë/ÅÆÇì(DN/S)íî·ßïáÉÊ×AndreevàáðéÜñÍòËó½ôÀµÁÂÃÄÚõð½ö¾÷øùËúû�üÖ¿ýAndreevàáþÿ½��úû��Ð�Ü��4)�ÖËÁÌÍÎÏ�ÚAndreevàá�	
üÖ���Ë��DN/Síî·Ë�����µÁÏ�Ä�ÏµÂÍÄ(ZBCP)·�Õ5–15)�ZBCPË��ß��Ò½������16–21)�� !Green"#$22,25–34)Ð%�&�'éÜ�VolkovýZaitsevýKlapwijk

(VZK)22)ß� !Green"#$Ë()*·Keldysh-Nambu+ó½ö,ÕGreen"#½-�ÕKupriyanov-Lukichev (KL)Ë./0124)Ð%�&Usadel23423)Ð56Ö×·ý
DN/SíîËZBCPËü7Ð8�9½:Ü�VZK��½¾é;°í��½¾ÕDN<Ë=�>?Ë@AËÜB½ZBCP��éÕ�CÜ²ÖËD$Ð%�&EFGH����ÁÏ�Ä�Ïµ½IJÕKL�ÓÔ�éÜ22,27,35)�
s-MÅÆÇì½-�ÕVZK��ßN°ýTanaka�37)½¾Û&OPËQRÿÐS�DN/SíîÈËÉTUVÐÓÔÕÜB½W%ðéÜ�ÞÖ·ßNazarovËXÍYÃ���36)½¾Û&IJ�éÕ./01�%��éÜ�ÖËZ[ðéÜVZK��37,44)ß�6�9Ë\:�F]Ð8�9½:Ü�Ü×J;²̂_Ë̀aÃbcd�ZBCP9������µÁÏ�Ä�ÏµefÃbgZBCDhiËj¿k'¿lmnðéÜ�Öé�Ë��ß/oËQRÿlpq:�rð6ßÚ��sËíîÈ½"tl�Õ�:9:ýDN<ËEFGH���ËÉTUViËKLßÖËD$·ßÓÔ�é&�Ú��
VZK��ßN°²u2ÒÅÆÇìíî½�W%ðéÜ43,44)�vÃẁaÃbAndreevxyz{gMARShË|}38–41)lÖËD$·ß~�½�¿ïé�é&�Õ43,44)�DN/d-MÅÆÇì(DN/d)íî·ßMARSß°í��×��½ù��Õ"t½�ÕÖ×l8�9½ðéÜ�������ÅÉÇìÐ%�ÜN°Ë�Ï�ò��ËsÑËB�C:�»¼42)½¾Û&ýDN/díî·ËEFGH���ËÉTUViËKLÐÓÔÕÖ×ß������×ÚÛÜ���·ß��ðéÜVZK��Ð%�&DN<ËEFGH���ËDN/SíîÈËÁÏ�Ä�ÏµiËKLÐÓÔÕ�ÖÖ·Sßs-MÅÆÇìCÜßd-MÅÆÇì·�Õ���Ë��ôÍ�ßDN/S/oË��ìË���Ë�ðýDNË��RdýDN·ËEFGH���ËγýDNËThouless��ò̀ÍETh²íî/oË$�2�×d-MÅÆÇìË� 
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164 ¡7�ÅÆÇìíîÈ½ö,ÕÉTUViËEFGH�Ë��¢ËÚ�£¤α·�Õ�¥¦·ß��ß�-§¤½̈ÕÖ×½�Õ��Ò½ß�����µÁÏ�Ä�Ïµ
(ZBC)ß��×sÑ×�½©ª9�eV → 0·IJ�éÕ�:ÜlÛ&ýZBCßs«½ß�¤½¬:&T → 0·�Õ®̈̄ÐS��2²��·ß°Ë2$·ZBCÐ��:&�Õ±Cq²T = 0Ë®̈Ð×¿²ÞË²eV → 0ËÁÏ�Ä�ÏµÐ��:&�Õ�:9:²T → 0×eV → 0Ë³́½-:&ÁÏ�Ä�ÏµßGk·�ÕÖ×ßµ:�×¶'éÕ�
7.2 ·̧¹º»¼½¾ÖÖ¿ßÀeò×��2$ÐÁ8�Õ�êë×ÅÆÇìËÉ®lÂõðLË�ÃÄÒÚèéÜêë(DN)ÅÆÛ&�ÚlÛ&�Õ×�Õ�LßÇÈ~É�3ÆÊ�ËÌÅA
�×�Õ�ÖËcdßÍÎ37,44)¿�Ï��é&�ÕlÂÐÑßDN¿ËEFGH���ÐÒÓÅïé&�Õ�ÍÎ37,44)×ÔÕÅÂx = LÅ�ÕDN/S/oÅßRbË��l�ÊÂx = 0Å�ÕDN/N/oß��lËÌrð�×�Õ�DN/S/oÐÖçÜBÅ��ðéÜ./0136)Ð×ç�

DN/S/oÅö,Õ���ßeò�"#Ð%�&U(x) = Hδ(x−L)ËÆçÅ��'��ÖË×
/oËQRÿßTm = 4cos2 φ/(4 cos2 φ + Z2)ËÆçÅÚÊÂZ = 2H/vFßØÃÄ��ôÍ�ÂφßíîÈË$�2�9�ÙÛÜ�ÚÊËïá£¤¿�Õ�CÜÂvFß
FermiÛ¤¿�Õ�/oË��Rbß¥¦Ë4¿�ÜJ�éÕ�

Rb = R0
2

∫ π/2
−π/2 dφT (φ) cos φ

(7.1)ÖÖ¿T (φ) = 4 cos2 φ/(4 cos2 φ+Z2)¿�Õ�CÜÂR0ßSharvin��R−1
0 = e2k2

FSc/(4π
2)Â

kFßFermiM#ÂScßíîÜËoÝ¿�Õ�ÖÖ¿Â�ÅßScßDNËÞoÝSd×ß:6Ú��:ÜlÛ&àáË��ËÚ9¿Sc/SdßâãÚ��ôÍ�¿�ÊÂRd/RbÐ
Tm×âãÅkJÕÖ×l¿
Õ�s«Ëíî¿ßSc < SdË×
ßoÝScËDN/S/oËÜÌä,låæÅçI�Õ�ÖËåæèéßêëËP�¿ËíîoÅßÚÛ&�Ú���CÊìÞoÝlrð�Ö×ßí©:&�Ú��ÞoÝËÜÌä,låæÒÅÚÛ&�Õ×�çÖ×¿�Õ�¥¦Ë��¿ß� !Keldysh|4ËGreen"#Ð%�&îÏ�ï�ÏðÐ���Õ�4
× 4��ËGreen"#ÐDN×S¿Þéñé̌G1(x)Â̌G2(x)×:ÂÞòóòô$ßÍÎ37,44)Åõç�̌G1(x)òDN<¿ò+ók�ß¥¦òUsadel23423)Åõç�ÐÑòÀeò¿\:�òß¥¦òÆçÅDN<¿ò̌G1(x)Å-�ÕUsadel23423)ÅEFGH���òö÷øJÜÖ×¿�Õ�

D
∂

∂x
[Ǧ1(x)

∂Ǧ1(x)

∂x
] + i[Ȟ + iΣ̌spin, Ǧ1(x)] = 0, (7.2)
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Ȟ =

(

Ĥ0 0

0 Ĥ0

)

,

Ĥ0 = ετ̂3�CÜÂ̌
Σspin =

γ

2
τ̂3Ǧ1(x)τ̂3ßDN<¿ò��ÿγòEFGH���Å-�Õ~ù��ò̀ú¿�ÊÂεß�Úûò��ò̀ú¿�Õ�GH�òEüÀúôý�ß�ý�þ¿�ÊÂEüÀúôý�ò2�Å��&ÇÈ÷×Õò¿ÐÑò��¿ß̌G1(x)ßðÿý+ó¿ß�ø��Å��:&�Õ̌G1(x)Å-�ÕDN/S/o¿ò./01ßEFGH�lÚ�×
ò�ò×Ô�¿�Õ(ÍÎ37,44)��)�s«ò��Åß��ÒÚθ-��ôú��÷%�Õ×��¿�Õ�Öò×
θ(x)ßDNò	í��÷ÙÕ
×ÚÊÂ¥¦ò234Åõç�

D
∂2

∂x2
θ(x) + 2i(ε+ iγ cos[θ(x)]) sin[θ(x)] = 0, (7.3)EFGH���γ÷ïéÕÖ×ßDN<ò��ÒÚî�úýðõ÷9JÕÖ×ÅÚÕ��ÅÂγ÷æï���θ(x)�����ò̀ú¿�#"#�Å�����2Âγ = 0¿θ(x)��|Å>�ç�EFGH�ò=���òF]9���¿
�ÆçÅÂ�é�ò��lDN<òθò��Å��lÊÂ���:&̀a�b òîý�ï�ýðòk�÷	
ü���ÍÎ37,44)ÆÊÂ¥¦ò!"ò#4÷$�%

Iel =
1

e

∫ ∞

0
dε

ft0
Rb

<Ib0>
+ Rd

L

∫ L
0

dx
cosh2 θim(x)

(7.4)

ft0 =
1

2
{tanh[(ε+ eV )/(2T )] − tanh[(ε− eV )/(2T )]}.�ò�&s-M'(Å)*��)§¤òì+Ì��R�¥¦¿IJ,-�%
R =

Rb
< Ib0 >

+
Rd
L

∫ L

0

dx

cosh2 θim(x)
(7.5)

Ib0 =
TmΛ1 + 2(2 − Tm)Λ2

2 | (2 − Tm) + Tm[g cos θL + f sin θL] |2 ,

Λ1 = (1+ | cos θL |2 + | sin θL |2)(| g |2 + | f |2 +1)

+4Imag[fg∗]Imag[cos θL sin θ∗L], (7.6)
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Λ2 = Real{g(cos θL + cos θ∗L) + f(sin θL + sin θ∗L)}, (7.7)

g = ε/
√

ε2 − ∆2, f = ∆/
√

∆2 − ε2.

d->'(Å?@A�Ib0÷¥¦òB¿C&DE-FÆ@%
Ib0 =

Tn
2

C0

| (2 − Tn)(1 + g+g− + f+f−) + Tn[cos θL(g+ + g−) + sin θL(f+ + f−)] |2

C0 = Tn(1+ | cos θL |2 + | sin θL |2)[| g+ + g− |2 + | f+ + f− |2 + | 1 + f+f− + g+g− |2 + | f+g− − g+f− |2]

+2(2 − Tn)Real{(1 + g∗+g
∗
− + f∗+f

∗
−)[(cos θL + cos θ∗L)(g+ + g−) + (sin θL + sin θ∗L)(f+ + f−)]}

+4TnImag(cos θL sin θ∗L)Imag[(f+ + f−)(g∗+ + g∗−)],

g± = ε/
√

ε2 − ∆2
±, f± = ∆±/

√

∆2
± − ε2Â∆± = ∆ cos 2(φ∓α)%��¿ÂαÂθim(x)ÂθL�G-ñ-Â'(HIòJKLM�d->.åæ/òNOPò�*QRÂθ(x)òSÜÂθ(L−)¿T�%'(0òîýUïVýðσS(eV )�σS(eV ) = 1/R¿WE,-�%XúY�Z[\ÅÆ��ÐÑò]J¿�Rd/Rb�TmÂ?̂ÊZ�âãÅ_E���̀¿&�%�a�,Scòb&c÷âãÅ_E-�d,eT�%f@DE��gRd/Rb�h�iTav(L/l)j��kA@�@%��eTav�lmnòopqrsegl�DNòoptuvweT�%�xyzj{&g|}e�Rd/Rb�Z~�������V�kA��%��e����k���U�V��σT (eV ) = σS(eV )/σN (eV )j?@A�\*�%σN (eV )�����ex��U�V��eσN (eV ) = σN = 1/(Rd +Rb)eWE,-�%

7.3����
7.3.1 s-��� ¡¢£¤¥¦§̈¥©ªªe�«¬®(j12�̄°j±²*����c-���U�V��σT (eV )~³́�%̂µg«¬γ/∆j)*�¶·̧qrsx¹@Z = 3x®(x'(d,º�ª�j*�(»7.1)%ETh/∆ = 1gRd/Rb = 1x�&σT (eV )x¼K�½¾eg¾x¿c�γ/∆xÀÁ��hjÂ�%̂�geV = ±∆xÃ��x¿c�γ/∆xÀÁ��hjÂ�(»7.1(a)ÄÅ)%ETh/∆ = 1gRd/Rb = 10j)kA�σT (eV )x¼K�i�Æ½¾eγ/∆xÀÁ��hjo�Ç�%̂�geV = ±∆xÃ���γ/∆xÀÁ��hjÈÉc-�(»7.1(b)
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182 ¿8�ÒÓÔÕ/Ö×ØÕÙÚZ�ÀÛQhi,Ù-.��ñãÁÂ/DF/s-"d-%Ö×ØÕ(N/I/DF/I/S)ÙÚñà,Ù-.õ���Qÿm�ÃÄ�õðÅÆ�89:�� çDOS�Ç;�ùQ��õ��!��ú̈"�àSß��°ßÝÈà«¬�c�Qò�àÙÚ�ãÉÊ'ËÌ"67CDàC?"STUVß{�NOþMARS��àáâ�eÍ�çèQò��ñãUsadelÎÅ42)õKupriyanov-LukichevàÏ���43)õ���úNazarovàÏ���44)õëèç�5ò�à¦Ð��Ï���ã�oàÑÒî�1P��Ó5�èLÔàÙÚ�<ëñ3Qò�ù�� çZBCP!����µ7ÝSß��°ßÝÄ�ź$ZBCD&ÈàÕ÷JY÷�Ö	ýùúò�àÏ���ã],#ùúÁÂ(DN)Üs-%Ö×ØÕ45)"3Qèã±�Ö×ØÕ46–48)àÙÚ���ýùúò×ØãÖ×Ø�³źÜÙÚNà��ýà89:õ�B�èÒÓÔÕõ��èú
N/I/DF/I/SÙÚõ/ÛQò�èÒÓÔÕõëèúF/SÙÚã],àL̂ñúÜÛÜCuNiÚÁ16)|Niõ²Ú�úPd37)"ÓÔÝØÕ��ñLáýùçèQò�ú� ç��àq.ã�ù�àÞß�àëñ�"L̂����ýùQ�àÜ/ÛçèQò
8.2áâãäåæçè��ñãÃÄ�é}~�õê��QòÁÂéëìíîïjð�"WñLïò¦óô��Ìõö÷øùî(DF)úû üBýþ üÿQé�Q�L������Îû�	
�ú��ÿé�Q�x = Lú3QDF/Sï�oú�Rbï��þ3�x = 0ú3QDF/N�o���R′b�	Bé�Q��oúÀ�Q�x7�Ä�°·K��ÿüU(x) = Hδ(x−L)+H ′δ(x)ïûnú3�Y���ïé����Q�oïÑÒ��Tm = 4cos2 φ/(4 cos2 φ+Z2)T ′m =

4cos2 φ/(4 cos2 φ + Z ′2)ïûnúý�Z = 2H/vFZ ′ = 2H ′/vF��óô���U°
φ���Zï���� ��!öò"#ï$%&u'3Q�(övF�Fermi)u'3Q�*8.1úÃÄ�ï+Å*��,ö�- . / 0 / 01 23 4 5 4 6 789 :;<=>??@A>BC?CDDEFGHICJ K@LCDMEIN@MJED
O P O PQ RS T U T VWX XYZEDFG[FCJG[ \
]8.1 _̂̀abc]dēï}~'�òfgKeldyshhÅïGreen·K��ÿüSijk°il�}~�Qm

4 × 4�nïGreen·K�NoDFoS'�õpõ̌G0(x)̌G1(x)̌G2(x)éq�Y��éú�Q�Keldyshr�̂K0,1,2(x)K̂i(x) = R̂i(x)f̂i(x) − f̂i(x)Âi(x)�str�̂Ri(x)uvr�̂Ai(x) = −R̂∗i (x)�w·K̂fi(x)(i = 0, 1, 2)úû!üq�YñõQ���'̂R0(x) = τ̂3
f̂0(x) = fl0 + τ̂3ft0̂R2(x) = gτ̂3 + f τ̂2g = ε/

√
ε2 − ∆2f = ∆/

√
∆2 − ε2'qQ�̂τ2é̂τ3�Pauli�n'ε�Fermi����U ��!öò"#ï����UxuTúÀ�Q�w·K�̂f2(x) = tanh(ε/2T )'qQmS'ïÆyz{i|³��}éÀ~�̌G1(x)ï
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DF�'ï��JÆ�ēïUsadel�ÎÅ42)ú�n�
D
∂

∂x
[Ǧ1(x)

∂Ǧ1(x)

∂x
] + i[Ȟ, Ǧ1(x)] = 0 (8.1)

D�DFï�Ë��'̌H�̌
H =

(

Ĥ0 0

0 Ĥ0

)

, (8.2)'�Û�õomajority(minority)l�iú�,ü̂H0 = (ε − (+)h)τ̂3'q����'h�����q�����ÿ÷øùî���,üÿ�ï'majorityl�iéminorityl�iï�ïFermi)�ï�������
DF/S��'ï̌G1(x)ú���NazarovïÏ������45,47)ú�Û�õüÿ��DF/N��'ï̌G1(x)ú���NazarovïÏ����

L

Rd
(Ǧ1

∂Ǧ1

∂x
)|x=0+

= −R′b
−1

< B >′, (8.3)

B =
2T ′m[Ǧ0(0−), Ǧ1(0+)]

4 + T ′m([Ǧ0(0−), Ǧ1(0+)]+ − 2)
. (8.4)'qöÛ�õ��'ïò"#ï$%��ï���e�ïû�ú��ñõ��

< B(φ) >(′)=

∫ π/2
−π/2 dφ cosφB(φ)

∫ π/2
−π/2 dφT

(′)(φ) cos φ
(8.5)��'B(φ) = BT (′)(φ) = T

(′)
m'q����'ï��R′b�e�'�Û�õ��

R
(′)
b = R

(′)
0

2
∫ π/2
−π/2 dφT

(′)(φ) cos φ
. (8.6)��'R(′)

0�Sharvin��'�óôï��R(′)−1
0 = e2k2

FS
(′)
c /(4π2)'�Û�õ���l�iú������̌G1(x)��ÿü

Iel =
−L

8eRd

∫ ∞

0
dεTr[τ̂3(Ǧ1(x)

∂Ǧ1(x)

∂x
)K ], (8.7)éq��ñõ(Ǧ1(x)

∂Ǧ1(x)
∂x )K�(Ǧ1(x)

∂Ǧ1(x)
∂x )ïKeldyshr�� ��¡¢ï£¤ú�¥ò¦ýθ-���§̈©��ÿ�éª«'q���ïé�̂R1(x)�̂R1(x) = τ̂3 cos θ(x) +

τ̂2 sin θ(x)éý�θ(x)�DFï¬�®�̄�°éý���w±�̂f1(x)�̂f1(x) = fl(x)+

τ̂3ft(x)'qö²�õft(x)���³ḯijk̈il�µ¶�°éý�mUsadel�·̧ïuvr�q�ÿ�str� �majority(minority)l�iú�,üθ(x)�µ¶�e�ï�·̧þí õ��
D
∂2

∂x2
θ(x) + 2i(ε− (+)h) sin[θ(x)] = 0 (8.8)
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D
∂

∂x
[
∂ft(x)

∂x
cosh2θim(x)] = 0. (8.9)

x = 0'�ft0 ≡ ft(0)�ÀÁ�ðï�w±�'q� �
ft0 =

1

2
{tanh[(ε+ eV )/(2T )] − tanh[(ε− eV )/(2T )]}.þr�ÂÃ�óúDF/N��'ïÄ����Å²��̧(8.3)ïstr� �

L

Rd

∂θ(x)

∂x
|x=0+=

< F >′

R′b

F =
2T ′m sin θ0

(2 − T ′m) + T ′m cos θ0
, (8.10)�²����'θ0 = θ(0+)Æ»ÿö�¾�̧(8.3)ïKeldyshr� �

L

Rd
(
∂ft
∂x

)cosh2θim(x) |x=0+= −< Ib1 >
′ (ft0 − ft(0+))

R′b
, (8.11)

Ib1 =
T ′2mΛ′1 + 2T ′m(2 − T ′m)Real{cos θ0}

| (2 − T ′m) + T ′m cos θ0 |2

Λ′1 = (1+ | cos θ0 |2 + | sin θ0 |2). (8.12)�²��ÇÈ¦úe�ï��ï̧�¿�É
Iel =

1

2e

∫ ∞

0
dε

ft0
Rb

<Ib0>
+ Rd

L

∫ L
0

dx
cosh2 θim(x)

+
R′

b

<Ib1>′

. (8.13)�ïÆ�Ê�Ë�'Ì�l�iú���Í����e�Ìû�ú	Æ(��
R =

2Rb
< Ib0 >

+
2Rd
L

∫ L

0

dx

cosh2 θim(x)
+

2R′b
< Ib1 >′

(8.14)

Ib0 =
T 2
mΛ1 + 2Tm(2 − Tm)Λ2

2 | (2 − Tm) + Tm[g cos θL + f sin θL] |2 ,

Λ1 = (1+ | cos θL |2 + | sin θL |2)(| g |2 + | f |2 +1)
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+4Imag[fg∗]Imag[cos θL sin θ∗L], (8.15)

Λ2 = Real{g(cos θL + cos θ∗L) + f(sin θL + sin θ∗L)}. (8.16)�Ì̧�Volkov-Zaitsev-KlapwijkÌÏ̧49)Ì�Ðúý!üÿ��d-Ñ��ú�,ü�±�Ib0�e�Ì̧'�²�õ�47)�
Ib0 =

Tm
2

C0

| (2 − Tm)(1 + g+g− + f+f−) + Tm[cos θL(g+ + g−) + sin θL(f+ + f−)] |2

C0 = Tm(1+ | cos θL |2 + | sin θL |2)[| g+ + g− |2 + | f+ + f− |2

+ | 1 + f+f− + g+g− |2 + | f+g− − g+f− |2]

+2(2 − Tm)Real{(1 + g∗+g
∗
− + f∗+f

∗
−)[(cos θL + cos θ∗L)(g+ + g−) + (sin θL + sin θ∗L)(f+ + f−)]}

+4TmImag(cos θL sin θ∗L)Imag[(f+ + f−)(g∗+ + g∗−)], (8.17)

g± = ε/
√

ε2 − ∆2
±f± = ∆±/

√

∆2
± − ε2∆± = ∆ cos 2(φ∓α)���'αθim(x)θL�Òõpõ����Ì����Æd-ÑÓÔÕÖÌÎ×ØÌý�&�θ(x)ÌÙÚθ(L−)'q���ÌÆ�ÓÔÕ��³ÌÛ́ijk̈ilσS(eV )�σS(eV ) =

∑

↑,↓ 1/R'�²�õ��DFÌÜÝ¦ýÞß©àáâDOSN(ε, x)�e�'�²�á��
N(ε, x) =

1

2

∑

↑,↓
Re cos θ(x). (8.18)e�'�Þß©àáâDOSÆÞß©àáấijk̈ilσT (eV ) = σS(eV )/σN (eV )úÃÿüãä�����'σN (eV )�å§æçèéú»��́ijk̈il'σN (eV ) =

σN = 1/(Rd +Rb +R′b).úû!ü�²�á��
8.3êëìí
8.3.1 DOSîïðñò��'óN/DF��Ì��ôõ�ö÷Rd/R′b ≪ 1øÆ�Ìx = 0 (N/DF��)'ÌDOSùúûü�ý���§̈óZ = 3ÆZ ′ = 3Ìþ�ùÿ�ü�ý

DOSÌ����ç�§�§kÌ�á������	ùü�â¶x = 0
ÌDOS�
ETh = D/L2Ì±���� ü�ý8.2óRd/R′b = 0.1
Ì���h/∆ù�ü�DOS
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ó����ç�§�§�ôETh ∼ 2hRb/Rdù�á�ö�ý¾��8.2 (b)�(c)
ó�§�ôETh ∼ hù�á�ö�ý�âô��õ�öRd/Rbù�ü�DOS�§�Ì��ó�àöRd/Rbù�ü��ÌÆ� ¦ù!���ö�"Æôö²�ý8.3ó���h/∆ùÃö�8.2
Ì�§�ù�#ü�$%&§̈
ÌεÌ±�ÌDOS� ��ö�ýü'�Ì��
DOS�§�ô����ç�§Ì()ù�á�ö�ý�àöh/∆ù���óDOS�§�ó*+h/∆Ì,-ÆÆ�ù.+��ý"Ì�§�ó/012Ì34Ì5©�67��68Æ��öý"Ì"Æóõ��Thouless��ç�§(9ö
DF)ù����§�ô�á�ö�"Æ	����	
:�ý;	Ì$%&§̈ù���ó
ETh ∼ 2hRb/Rd<âóETh ∼ hÌ��	�ó�á�ù=öDOS�§�ó>²�ö+ý<7�¬�®ô�ö��	�ãäü�ý8.4ùx = 0
Ì����ç�§
ÌDOS�EThÌ±�Æ�� �âý""
���Rd/R′bÆh/∆ = 1à�ù(a) Rd/Rb = 5�
(b) Rd/Rb = 10ÌÆ��Å²�ý"Ì��ETh ∼ hÌ�§�óRd/R′bÌ,-ÆÆ�ù?@àáâý�âô��"Ì��ó�àöRd/R′bùâö��A
:�ý"Ìx = 0
ÌDOSÌ����ç�§�§�óETh = hÌ��ôBâàá�C)EThùDE��öýÒá�F�üGâ¶ε = 0
Ì̧÷8.8ø�÷8.10ø�H+ÆI�Ìþ�ù�Gý

∂2

∂y2
θ(y) − (+)2i sin[θ(y)] = 0 (8.19)

1

Rd

∂θ(y)

∂y
|y=0+=

< F >′

R′b
(8.20)""
y ≡ x/

√

D/hÆ»öâýETh = h
:G	�D/h ≡ EThL
2/h = L2�¿Gý"Ìó̧ETh�$%&§̈���JK
ö�öýL�ÌãäôDF/S��
ÌÄ���ùMN
�Gýþ��x = 0
ÌDOSÌ����ç�§O§�ôEThùDE��ö"ÆôP�
�âý""
¬�®ÌQöÆ��Å²���35)ù=ö��Rd/Rb ∼ 2h/ETh�Õ+"ÆùüGýθÌRS5©ô�àöÆ��Ã<)L ≪

√

D/ | ε∓ h |	ÃRd/RbÆRd/R′bô�àö÷¬�®ôQöøÆ�θóθ = θ0 + θ1x+ θ2x
2�θ1, θ2 ≪ θ0ÆTU
�GýθÌÍVó��
ÌRd/Rb<âóRd/R′bùWX��öG"ÆùúYôöG÷̧(8.10)Æ��45)Z[øý"Ì��Usadel�·̧Ì0\]̂O_ù�üG̀óI�Ìaù�GÉ

cos θ0↑ =

Rd

R′
b

+ Rd

Rb
g − 2i(ε−h)

ETh
√

(

Rd

Rb
f
)2

+
(

Rd

R′
b

+ Rd

Rb
g − 2i(ε−h)

ETh

)2
. (8.21)

Rd/R
′
b = 0�ε = 0ù���DOSó

cos θ0↑ =

2ih
ETh

√

(

Rd

Rb

)2
−
(

2h
ETh

)2
, (8.22)



8.3£¤Î® 187Æ�)¼½��Rd/Rb ∼ 2h/ETh�b²GýL�ÌÎ®ôcd_̂O_ù���h�−h
e�f²G"Æ
¿�áGý¾��¬�®ô�öghù�üG¼½��ETh ∼ hó
L ∼

√

D/hÆij
:Gý�âô���¬�®ô�+���ÖÌkàô���ÖÌ́l§m_̂kξF =
√

D/hÌn§c§
:GÆ�ù����ç�§DOSO§�ô�áGÆö²Gý""
oÃÌ��Ìpq¦�Yr�ãäüGsDN/S��
ótu�v\]Egô�á�Q¬�®ù���Eg ∼ EThRd/Rb��¬�®ù���Eg ∼ ETh
b²�áG47)s
DF/S��
ó"Ìtu�v\]óhw�xyz��=��h ∼ EgÌÆ�����ç�§ùDOSO§�ô�áGý<â�{|Ì£¤
óZ = Z ′ = 3ùÿ}�âô"Ì$%&§̈óÎ®�}�¦ùó5²�öý
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8̄.2 ETh°±²³́µ°¶·̧¹º»¼½°¾¿À́ÁDOSÂRd/R
′

b = 0.1ÃÄ
(a) Rd/Rb = 1Å(b) Rd/Rb = 5Å(c) Rd/Rb = 10Æ
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Ü
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Ü
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8̄.3 ε°±²³́µ°¶·̧¹º»¼½°¾¿À́ÁDOSÂRd/R
′

b = 0.1ÃÄ(a)
Rd/Rb = 1ÅETh = 2hRb/Rd = 2hÅ(b) Rd/Rb = 5ÅETh = hÅ(c) Rd/Rb =
10ÅETh = hÆ
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÷÷øù úûüúýþÿòø÷ úûüúýþÿ÷úûüúýþÿ÷ò
ò ó ô õ ö ÷òòòøù
÷÷øù úûüúýþÿòø÷ úûüúýþÿ÷úûüúýþÿ÷òò ó ô õ ö ÷òòòøù
÷÷øù úûüúýþÿòø÷ úûüúýþÿ÷úûüúýþÿ÷ò

8̄.4 ETh°±²³́µ°¶·̧¹º»¼½°¾¿À́ÁDOSÂh/∆ = 1ÃÄ(a)
Rd/Rb = 5Å(b) Rd/Rb = 10Æ
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ó"ÌoÃÌ���
���Ǽ_c�̈_̂ô�Ìþ��1G�ö�üG		�+
G"ÆùüGýRd/Rb = 1ÆRd/Rb = 5�Òá�á¬�®ôQögh�¬�®ô�öghù�üG�¦��Æ����ý<âÎ®�}��ù5²�öÌ
Z ′ = 3Æÿ}��¬�®ô�+�GN/DF��Ì��0ô�öRd/R′b = 0.1Ì�����Gý
8.3.2 s-������<7� �!"ôQ+Thouless��ç�#ô�àöETh/∆ = 0.01$%���Gý"$&�'(��óh/ETh = 0.5
b��)Gý8.5óRd/Rb = 1�ETh/∆ = 0.01�(a)

Z = 3�(b) Z = 0
$���h/EThù�üG*_c�+_̂�,��öGýh = 0$&� �!"$-.ùZBCDô:�/)Gý0��h/ETh = 0.5$&�'(ZBCPô�)h/ETh$,-&&�ùeV ∼ ±h
$o1$23\]ùV4��ö+ý'(ZBCP$õ�5ó6�7��öGsDN/S��
$=8$ �!"ùþGZBCPó9ù6þ)�5ö45,49,50)ý�-ô���")óDF/S��
$'(ZBCP&ó� �ù!���öGý
DF$�#üG:;<5)-DOS�8.6ù,�-sDN/S��
ó �!"ó;&K�ZùDE��ö45)ý=�ó>��ù"$"&?DF/S��
$ �!"@�A�B<G"&�C	.-D8.6BZ = 3, Rd/Rb = 1�ETh/∆ = 0.01�(a) h/ETh = 0�(b)

h/ETh = 0.5@�EGDOS�,��FGDh = 0$&�BDFghGH
IJKLMN#@OF23\]?�)GDACKLMN#@���BDOSB;&K�6
RS�@5<��FD0�h/ETh = 0.5$&�BDF/N��$ +$DFgh
IJKLMN#O#�?�)GD"$O#�?8.5$P��ZBCP$QR
:GD�-?��DF/S��$
ZBCPBDN/S��$�$&B!�Gpq�ST�U��FGDV@ �!"$�Fgh
ThoulessKLMN#?�5FETh/∆ = 0.01$�����GD"$&�'(ZBCPBh/ETh = 1$&�@WX
�GD8.7BRd/Rb = 5�
ETh/∆ = 0.01�(a) Z = 3�(b) Z = 0
$���h/ETh@�EG*_c�+_̂�,��FGD"$&�8.5$Y�@'(ZBCP&O#�$V4?Z)G"&?/[GD\
8.7(a)@�#EGDOSB\8.8@,]̂:)�(a) h/ETh = 0�(b) h/ETh = 1_:GD
h = 0$&�IJKLMN#@OF23\]?Z)GDACKLMN#@�]̂BDOSB;&K�6_RS5<]̀FDh/ETh = 1$&�DF/N��$ +$x$gh_IJKLMN#@O#�?Z)GD\8.7@
�GY�@La$*_c�+_̂$bc?:G"&?/[GDIJKLMN#d $DOSBDF/S��(x = L)_\8.6$�$@W'̂�+?@5)̂FGDV@ThoulessKLMN#$P�̀��e��GD"$&�*_c�+_̂BZ@;&K�DE]̀FD\8.9@Z = 3�Rd/Rb = 1�ETh/∆ = 10_$af̀h/∆@�EG*_c�+_̂&�#EGDOSe,]-D\8.9 (a)@,]-Y�@h/∆ = 5@-F]̂'( �!"@YG.FO#�?Z)G"&?/[�-Dh/∆ = 0@�]̂BgDOSB\
8.9 (b)@,]-Y�@Nv\]�̀bce�1D0�_�h/∆ = 5$&�B\8.9 (c)$Y�@IJKLMN#O#�eU1"&?/[�-DZ = 3�Rd/Rb = 5�ETh/∆ = 10_af̀h/∆@�]̂La$hij"?\8.10@,]̂:GD\8.10 (a)@,]-Y�@
h/∆ = 10$&��'( �!"@YG.FZBCP?Z)G"&?/[GDh/∆ = 0@�
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8̄.5 s-���������¾¿À́Á�������ÆRd/Rb = 1ÅETh/∆ = 0.01Æ]̂$DOSB\8.10 (b)@,]-Y�@Nv\]�̀bce ¡¢h/∆ = 10$&£B\
8.10 (c)$Y�@IJKLMN#O#¤?Z)G¥&?/[¦-D¥$§ë�G©@¢ ª!"$«¬#+θ$RS®<e
̄¥&@ĒD\8.11B
majority °̂±$Reθ&Imθ$IJKLMN#_$²³®<é]̂F̄D\8.11(a)¢
(b)&(c)¢(d)_Bµ)�)\8.5 (a)¢\8.7(a)&¶·«¬#+e�̧wsDOS$°#¤?Z)̄-.@BImθ?P£̀�e&̄¥&?¹º_»̄D̀¼̀½:;<]-DOS?Recos(θ) = cos(Re(θ)) cosh(Im(θ))_¾�½)̄[½_»̄D\8.11 (b)¢(d)@,EY�@'(��?¿-5)̄&£ImθBÀÁP£̀�eÂ¦̂pÃ¢µ$Ä$�ÅBÆÇ]̀?½ÈÉ]̂FÊËImθ&BÌÍ�@ReθB'( ª!"&BÎÏ@h/∆$ÐÑ&& @ÒÓ5)̂F̄Ô\8.11(a)¢(c)ÕD
8.3.3 d-����Ö��¥$§_B× ª!"&Ø ª!"@ÌĒd-Ù7mnHªÅe��̄D¥$&£ÚÛ
α@ÜÝ]̂ ª!"BÞ�@®/̄ßα?ÐÑĒ@1)̂ ª!"BÒÓ5)̄46,47)D
α = 0$&£ ª!"?»ÃMARSBÝà]̀F$_s-ÙªÅ&¶a$j"?WX_£̄D0á_P£̀α@Ì]̂B*±â¤+±ãBh/∆@ä&̧�ÜÝ]̀FD&Ê@
α/π = 0.25$&£B ª!"?åæĒ$_*±â¤+±ãBh@ÜÝ]̀FËDF/DªÅ_BZBCPçè$é̀̄ê1$ëìíî?»̄ßØïðHªÅ@ñò$'( ª!"@ȲZBCP&DF/D��@ÝàĒMARS@SRĒZBCP_»̄Dα?Ð�̄@ó



8.3hij" 193FMARS?çè5)̄&¶%@ ª!"?×.½)̄D]-?¦̂ôõ@ö÷̄Yø@'( ª!"@ù÷̂MARS?ZBCP@úº̀û¾eĒDüý'(þÿ?h/ETh = 0.5_¾�½)̄× ª!"$�Åe��̄D\8.12BZ = 3¢
Rd/Rb = 1_$af̀α@p�̄¢(a) ETh/∆ = 0.01¢h/ETh = 0¢(b) ETh/∆ = 0.01¢
h/ETh = 0.5¢(c) ETh/∆ = 10¢h/∆ = 0¢(d) ETh/∆ = 10¢h/∆ = 5@ÌĒ*±â¤+±ãe,]̂F̄DETh/∆ = 0.01¢h = 0@Ì]̂α/π = 0$&£Bs-ÙªÅ$%&¶a@ ª!"@ȲZBCD?Z)̄D0á_α/π = 0.25$&£MARS$çè@Y

Z̄BCP?Z)̄Ô\8.12 (a)ÕDETh/∆ = 0.01¢h/ETh = 0.5@Ì]̂B'( ª!"@ȲZBCPBα/π = 0.25$&£$MARS@Ȳ $$P£5e7�̂F̄Ô\8.12

(b)ÕD��ã�3�¤̀ªÅ_Bα/π = 0.25$&£$ZBCP?� P£̀�eU139–41)$_¢¥$'( ª!"@ȲZBCPBDF/SªÅ$úº̀ñ�_»̄D¥$ñ�BP£
ÈTh@Ì]̂ WX_£̄DETh/∆ = 10¢h = 0@Ì]̂α/π = 0$&£V��$*±â¤+±ã$bc?Z)̄D0á_α/π = 0.25$&£BZBCP?Z)̄Ô\8.12(c)ÕD¥$&£h/∆ = 5&�	¥&_α/π = 0$&£'( ª!"@YÃ¢
F°#¤?Z)µ$�5Bα/π = 0.25@ÌĒ $e7�̄Ô\8.12 (d)ÕD\8.12 (d)&¶·«¬#+_\8.13@(a) α/π = 0&(b) α/π = 0.125$&£$DF$DOSe,]-Dα/π = 0$&£Bs-ÙªÅ$%$Yø@IJKLMN#°#¤?Z)-Dα$ÐÑ&& @ ª!"$È�@Y¦̂IJKLMN#d _$DOSBÒÓ5)D̄�̀�ÅBα/π = 0.25$&£_B ª!"?̀Ề̄-.DOSB9@6_»̄DV@ ª!"$ØF��e��̄D\8.14@BZ = 3¢Rd/Rb = 5¢af̀α_[1¢

(a) ETh/∆ = 0.01¢h/ETh = 0¢(b) ETh/∆ = 0.01¢h/ETh = 1¢(c) ETh/∆ = 10¢
h/∆ = 0¢(d) ETh/∆ = 10¢h/∆ = 10@ÌĒ*±â¤+±ã?,]̂»̄D¥$�Å ¢α = 0@Ì]̂'( ª!"@ȲZBCP?Z)̄¥&?/[̄D\8.14(b)¢(d)@,]-Yø@¥$ZBCPBα$ÐÑ&& @ÒÓ5)̄¥&?/[̄D\8.14(d)@Ì�ĒDF$DOSe\8.15@,]-Dx = 0_$DOS$çB*±â¤+±ã@�ð�@�̂F̄ËDF/S��(x = L)_$DOSB\8.13$ $@ù÷̄&ØÊÒÓ5)̂F̄D
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+8.6 s-���������,-./01234Z = 35Rd/Rb = 15ETh/∆ = 0.014
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+8.7 s-���������,-./0�������4Rd/Rb = 55ETh/∆ = 0.014
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+8.8 s-���������,-./0l234Z = 35Rd/Rb = 55ETh/∆ = 0.014
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+8.9 s-���������,-./0������������l234Z = 35
Rd/Rb = 15ETh/∆ = 104
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+8.10 s-���������,-./0������������l234Z = 35
Rd/Rb = 55ETh/∆ = 104



198 k8lØïð³/ µ́¶³ªÅ·̧¹�̄WºXªY6

» »¼½ »¼¾ »¼¿ »¼À ÁÂ»¼½Â»¼Á
» ÃÄÅÆ»ÃÄÅÆ»¼»»ÇÃÄÅÆ»¼ÁÃÄÅÆÁ» »¼½ »¼¾ »¼¿ »¼À ÁÂ»¼½Â»¼Á
» ÃÄÅÆ»
» »¼½ »¼¾ »¼¿ »¼À ÁÂ»¼½Â»¼Á
» ÃÄÅÆ»ÃÄÅÆ»¼»»ÇÃÄÅÆ»¼ÁÃÄÅÆÁ
»»¼Á»¼½»¼È
»¼¾ ÃÄÅÆ»ÃÄÅÆ»¼»»ÇÃÄÅÆ»¼ÁÃÄÅÆÁ»»¼Á»¼½»¼È
»¼¾
»»¼Á»¼½»¼È
»¼¾ ÃÄÅÆ»ÃÄÅÆ»¼»»ÇÃÄÅÆ»¼ÁÃÄÅÆÁÉÊËÌÍÎÏ

ÐÑËÌÍÎÏ ÒÓ Ô

Õ Ö×
Ø ÙÚ

ÒÓ Ô

Û ÜÝ
Þ ßà»»¼Á»¼½»¼È

»¼¾»¼Ç ÃÄÅÆ»ÃÄÅÆ»¼»ÁÃÄÅÆ»¼ÁÃÄÅÆÁ»»¼Á»¼½»¼È
»¼¾»¼Ç
»»¼Á»¼½»¼È
»¼¾»¼Ç ÃÄÅÆ»ÃÄÅÆ»¼»ÁÃÄÅÆ»¼ÁÃÄÅÆÁ
» »¼½ »¼¾ »¼¿ »¼À ÁÂ»¼ÈÂ»¼½Â»¼Á
» ÃÄÅÆ»ÃÄÅÆ»¼»ÁÃÄÅÆ»¼ÁÃÄÅÆÁ» »¼½ »¼¾ »¼¿ »¼À ÁÂ»¼ÈÂ»¼½Â»¼Á
»
» »¼½ »¼¾ »¼¿ »¼À ÁÂ»¼ÈÂ»¼½Â»¼Á
» ÃÄÅÆ»ÃÄÅÆ»¼»ÁÃÄÅÆ»¼ÁÃÄÅÆÁ

+8.11 s-áâãäåæçèéReθ �Imθ êëìí.4Z = 35ETh/∆ = 0.015
Rd/Rb = 1 (î+)5Rd/Rb = 5 (ï+)4
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I JK

I JL

+8.13 d-áâãäåæçèé,-./0DOSMZ = 35Rd/Rb = 15ETh/∆ = 105
h/∆ = 55(a) α/π = 05(b)α/π = 0.1254
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+8.14 d-áâãäåæçèé,-./0�ABCDAE4Z = 35Rd/Rb = 54
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+8.15 d-áâãäåæçèé,-./0DOSMZ = 35Rd/Rb = 55ETh/∆ = 105
h/∆ = 105(a) α/π = 05(b)α/π = 0.1254
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8.4 �� O¡¢üý£¤¥/¦§̈�©ª³/s-«́µ¶³P�̧¹¬Q¦§̈�©ª³®̄°±²̧³́µ¶·Q̧¹º»¼½̧¾̈¿Rd/Rb ®À̧ÁÂÃÄÅÆ§QÇXPYÈÉ�XPYÈ®ÊË®ÌÍ̧ËÎÃÏÐ̈¿ÇÑPÒÈ®ÌÍ¡®HÈ¢ÓÔ35) ¡Õ¼§Ö̈®É ×Ø̧ÙÚ¡ÛQ¿¾½¾�ÑPÒÈ®ÌÍ¡®HÈ¢ÜªØ̧ÝÞÂÃÎQ¿ÊË®̧¹¢ß®Áà̧áÉâ¼§Q¿ã¿ÑPÒÈ¶ÇÎÉä(Rd/Rb ≪ 1)åDOS ³́µ¶æ§Q̧¹¢Rd/Rb ∼ 2h/ETh¡çè¼§Q¿Ê¿ÑPÒÈ¶�ÎÉä(Rd/Rb ≫ 1)åDOS ³́µ¶æ§Q̧¹¢ETh ∼ h¡çè¼§Q¿é®̧¹¢�©ª³®êÆ¶ë®ìí́îïðê√D/h ÉÙÚñ́ò́¡ÛQéÉÉóô¡ÛQ¿é§¼®̧¹¢Rd/Rb ∼ 2 ®Éä̧µõðñ́ö́÷Q¿á̈£é®øºÑPÒÈ¶ìïòµùïðÉ̄°±²̧úäÞûüºçèQéÉºý¾¿̈ë®HÈ¢ß®Áà̧áÉâ¼§Q¿þ¿s-«P�¡¢øºÑPÒÈ®̈â̧ÿÆÎETh�̧¾Ã�ÎZBCP ¶Û¼�§£úäÎETh�̧¾Ã�ÎZBCP ¶æ§Q�DF/S P�¡®ZBCP ®����	¢DN/SP�¡®Ö®É¢ ×Ø̧ÝÞ
£ÛQ��®À¡®DOS ¶úä���÷QéȨ́ÁÂÃÎQ¿ë®HÈåDN/SP�¡®ZBCP É¢��Ø̧DF/SP�¡®ZBCP ¢�́��̄°¡®Àº́èÕQ¿�¿d-«P�¡α = 0 ®Éä¢s-«P�®ÉäÉÙ�̧øº̧¹¶�̈Æ§QÉä�Î
ZBCP ¶��Æ§Q¿��®�²α�̧¾Ã¢£Rd/Rb ≪ 1 ½ËZ ≫ 1 ®ÉäMARS ¶ìïòµùïð̧�ç÷Q�α®��ÉÉÖ̧øºÑPÒÈ®�ç¢ÿÆ�Þ
åMARS¶ìïòµùïð̧úä��ç÷Q�ë®HÈ£�ÄúäÎα�̧¾ÃZBCP ¢øº̧¹¶�
 ÂÃÎQ½!à½ÉÎàéÉÉ¢" ̧#$÷Q�%®�&Rd/Rb ≫ 1'MARS®�ç¢(É)!*+¡äåZBCP ¢øº̧¹¶�̈Æ§ÃÎQ,̧®-æ§Q�./®01Î23¢¤¥/¦§̈�©ª³/p-«́µ¶³P�̧¹¬Qìïòµùïð®FG¡ÛQ�Þ4Þ¼¦§̈¤¥/p-«́µ¶³P�¡¢Ý5Þæ6¶78Æ§ÃÎQ½¼¡ÛQ48)�
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and F. Lichtenberg, Phys. Rev. Lett. 84, 1595 (2000); Z.Q. Mao, K.D. Nelson, R.

Jin, Y. Liu, and Y. Maeno, Phys. Rev. Lett. 87, 037003 (2001); Ch. Wälti, H.R. Ott,
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<9:d-�ÙÚÛà/¢£¤à/d-�ÙÚÛàw�%Ø�;oJosephsonmn�=&̧��>Í¤?@AGreenz{B³ì�°ºÞßoÄC¾�¢£¤à¥!�¦"#�DEØÑo��¿��� �7́�ÑoÄ÷¦�ø�ì7̧́�w�¥�o®�¼®³Þß4MARS¥5�Ø��»¼̧FG³Hüo®³Io¿ÅØÐoÄ
9.2JKLMNOPQRSTBU<V:Å(óWÑ×�(XYZ³ø°[Ä�\]̂_Ð[̀â;aß[Ä!b¦&ÚÛà³!b¦cdeàÅfbgühhÃ4UsadelTi�jkl³m;[ncdeàÒWomajority-minority.ûÿþØÓÐ[UsadelTi�U
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Φω

)

− (ω − (+)ih) Φω = 0, ξ =
√

D/2πTC (9.1)WHǖb[Ä¿¿WUhUpq�WÑ[Ä¿oTi�³<V:WìÅÃhrstuoìÅWv¾Ä
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Φω
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)

(9.2)Ø»¹ºyÃ̄b[Ä¿¿W��T]R ≡ Rd +Rb +R′bWÑ[Ä�\WUICRozØ{|Ð[ÄICU¶}Josephsonwxo}'åWÑ[Ä
9.3NO~��9.1 (a)Uó�̧h/∆(0)ØÓÐ[Z = Z ′ = 10]Rd/Rb = Rd/R

′
b = 1]ETh/∆(0) = 1]

(α, β) = (0, 0)oÅ'oICRzo��>Íe³�µº�[Äpq�oÑ[Å'Us-�ÙÚÛà��Å(óØ���j�b[¿Åj��[Ä(b)WUETh/∆(0) = 0.1ØÓµº(óo����³µhÄ¿oÅ'ì���j�b[¿Åj��[Ä÷h���j�b[hÃØ$̧́hU-a.Ø�ßº1����å¾̧¹º�×]s-�ÙÚÛà��oÅ'7)Å(óØ
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10]Rd/Rb = Rd/R
′
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]�9.2�U2çoÿõ�j�bhþ���oÿõ�U�������[ÿõ�W]���WU0-πû�o�ü[��Wwxj��[h�$���5bï�����ÿõ�j�b[þóT]���Woÿõ�Uð�/0ýMARSo1��ï[�oW��hþs-������W��ëJosephson/0o��Wüoï���swxo��>�e�2�o !�j�b[üýU"#�$%&bh'U�ÿ]	
j(�ëo)*��[þ
9.4~+,-WUd-.����//bhcde�/d-.�������01[Josephson23æ456Green789æ�:�ë;<hþ=��ôõö!>W�swxo��?�eæRS�
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@9-d-.����/cde�/d-.������A�01[JosephsonwxoBC���?�e

DEFGHIJ
KFL

MN N

O PQ
O PR

S TU V WXYZ [ \
] ^_ ` àbcde f ghihj
hihkhihl
hihm nopqhrsjitnopqhrskitnopqhrslhihjhihk
hihlhihm nopqhrsjitnopqhrskitnopqhrsl

hik him hiu hivhhihhjhihhk
hihhlhihhmhihht
hihhu nopqhrshilnopqhrshimnopqhrshit
hik him hiu hivhhihhjhihhk
hihhlhihhmhihht
hihhu nopqhrshilnopqhrshimnopqhrshit

Ø9.2 Z = Z ′ = 10ÙRd/Rb = Rd/R
′
b = 1Ù(α, β) = (π/8, 0)ÚÛÜÝICRÞßàáâãäå(a) ETh/∆(0) = 1å(b) ETh/∆(0) = 0.1å[üýWw\òæx���çhþy. (α, β) = (0, 0)oýzs-.������ý{=����j�b[üýj��[þ�h]���j�b[h��|}�pq~hUEThoùúýý��ùú�[þ�þ���o�zæ��ë�MARSo��o23æ��fbhýz�(α, β) = (π/8, 0)����ý{������ !�j�bhþüoýz����j�b[h��|}�pq~

hUEThoùúýý��ùú�[þ���o !�Uð�23ýMARSo���ï[�oW�[þ�o�3]�swxo��?�e�2�o !�j�bhþs-.�����W��ëJosephson23o��Wüoï���swxo��?�e�2�o !�j�b[üýU"#�$%&bh'U�ÿ]	
j(�ëo)*��[þ,-WU]/bh��Wod-.����/cde�/d-.������W���j�b[üýæ�çhþüo�3j������&bb�	�o��������o����}���æ��ý¢���þ
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¨©©
ª « ª «¬ ®¬¯°± ²³´µ́́ ¶́
µ́́ ·́µ́́ ´̧µ́́ ¹́ º»¼́º»¼º»́´µ́́ ¶́µ́́ ·́
µ́́ ´̧µ́́ ¹́ º»¼́º»¼º»́

´ µ́¶ µ́· µ̧́ µ́¹´µ́́ ¼́
µ́́ ¶́µ́́ ½́ º»¼́º»¼º»́´ µ́¶ µ́· µ̧́ µ́¹´µ́́ ¼́
µ́́ ¶́µ́́ ½́ º»¼́º»¼º»́

¾ ¿ ¾ ¿À ÁÀÁÂÃ Ä
Å ÆÇ
Å ÆÈ

Ø9.3 Rd/Rb = Rd/R
′
b = 1ÙETh/∆(0) = 0.1Ùh/∆(0) = 0.4ÚÛÜÝICRÞßàáâãäå(a) (α, β) = (0, 0)å(b) (α, β) = (π/8, 0)å





ÉÊËÌ
1) B. D. Josephson, Phys. Lett. 1, 251 (1962).

2) I. O. Kulik, Sov. Phys. JETP 22, 841 (1966).

3) L. N. Bulaevskii, V. V. Kuzii, and A. A. Sobyanin, JETP Lett. 25, 290 (1977)

4) A. I. Buzdin, L. N. Bulaevskii, and S. V. Panjukov, JETP Lett. 35, 178 (1982)

5) A. I. Buzdin, B. Bujicic, and B. M. Yu. Kupriyanov, Sov. Phys. JETP 74, 124 (1992)

6) V. V. Ryazanov, V. A. Oboznov, A. Yu. Rusanov, A. V. Veretennikov, A. A. Golubov,

and J. Aarts, Phys. Rev. Lett. 86, 2427 (2001).

7) T. Kontos, M. Aprili, J. Lesueur, F. Genet, B. Stephanidis, and R. Boursier Phys.

Rev. Lett. 89, 137007 (2002)

8) P. Fulde and R. A. Ferrel, Phys. Rev. 135, A550 (1964).

9) A. I. Larkin and Yu. N. Ovchinnikov, Sov. Phys. JETP. 20, 762 (1965); [Zh. Eksp.

Teor. Fiz. 47, 1136 (1964)]

10) L. B. Ioffe, V. B. Geshkenbein, M. V. Feigel’man, A. L. Fauchere, and G. Blatter,

Nature (London) 398, 679 (1999)

11) J. E. Mooij, T. P. Orlando, L. Levitov, L. Tian, C. H. van der Wal, and S. Lloyd,

Science 285, 1036 (1999)

12) Y. Tanaka, Y.V. Nazarov and S. Kashiwaya, Phys. Rev. Lett. 90, 167003 (2003).

13) Y. Tanaka, Yu. V. Nazarov, A. A. Golubov, and S. Kashiwaya, Phys. Rev. B 69,

144519 (2004).

14) Y. Tanaka and S. Kashiwaya, J. Phys. Soc. Jpn. 68, 3485 (1999)

213





Í10ÎÏÐÑÐÒÓÔÕÖ���×ØAÙÚAndreevÛÜÝÞ×23ßà�áâãäåæçèzéê&��ë&ìßBíîï��×ØAÙÚ×Øðñß��&��òóôõöó÷Andreevøùúû�MARS�üýþåæßÿzä������ëê�ì�23ç����åæÚ�	á
xÙÚä�ë����îßï��×ØA�����êÝç��ßä��Josephson×ØÚ���� �!>ä������ß��&�à�Ý	á��ë�� !Ýï��!"ìä�×ØAÚ� �#$%&����ßü����ü�Ý'(��ë,�)ÙÚ@I*�@�--@+-�ÙÚ� �ß?�	ä�Þ×23�;<ë,-�-�Úw.�à�ß�Ý/ì��ë@�-ÙÚ/�01�DN�/d-.ï��!×ØAÙ×Øðñ��23�4&Ýd-.ï��!�-56�7zä��8�äçìDN�*9ß:é;�Û� <�=�>?	@
MARS����AB���C�DEF;�GðHI���UsadelíJK�Lzw.�M�xì"ß	ëyë<�=χ�ÿz;Ú×Øðñ�NOí7Ýd-Pï��!�-56�ä�QRαç0"ì0.25π�ÙST��ßU�VWßXY��ëZë[ßα = 0.25π�\ØÚ�]á�̂_�çMARS����̀a�/χÚbßä�ëê�à�ßDNcßdefghäÞ×ABçijîßkl;mmnÿ8opq�êÝÙ�fërstÙÚd-Pï��!/um01/d-Pï��!vD/DN/Dw×ØßxafJosephsonAB�W]@Josephsonyz�>?���ß�fGreen{|ß}�fGðHI���ë~�ä�����Ù�yz�>?�fêÝÙ�.�M��ì"ß	ë�ës-P×Ø�\ØÝÚ}�îßðñ���!�23�STß��ICR��Úÿ��äfëZëICR�ÚÞ×ABÝMARS��Ø�/ß�VWä�R�� �	/�ëê��VWä�f���é�Ú�MARS�/ß0-π��çéêfDID×Ø�\Ø�ü�ÝÚ��îßgäfëD/DN/D×ØÙ�ê�IC��VWä�R�� �kl�f/ßÚ��=� �ðñ�¡�ÿ�ä¢£�üU01ç¤¥Ù�fëêêÙ��¦N����mns-Pï��!/um01/d-Pï��!×Øßx�áü§~��VWä�R�� ç�fêÝ�̈©f@YBaCuO/Pb×ØÙIC��VWä�R�� çkl;mÝ��ª«ç�fëê�ijç¬�-BÝ{®ç�f�� Ú�fç�ê�êÝç̄	�"W]f/ßÚà�°±ä²³ç¤¥Ù�fër+tÙÚum01/ï��!×Ǿßxafµ�¶·��̧&��¹�ºK�DEîäGðHI�üÝÙ�UsadelíJKß»���ës-�d-�p-Pï��!�ü¼�×Ǿ�y½Ý¾�¿Àåæ�01ß� ÁÂýç�f\Ø�Ã/áW]ëÄä-³Ú�.�à�ß�Ý/ìmfë
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�vJ��wThoulessËÌ·Gx�y8pËÌ·Gx¹zx·�i3ÁÂj{|�í�S	}P�×Ø-tp�N�ÍÎ��S	}P�~���xθL��������������;�i3��j�p{|�γ���99����2p�����������Ks-\$%&1	
�����-t4Y!�Z�!�σT (eV )�i3��j{|�����-tp�L/���������Ks-\$%&1�
��
σT (eV )�i3��j{|�����2p���d-\$%&1�
����������K9y�_tpZBCP�α ∼ 0����Fi3��j�����-tp��[� ¡¢vJ���Y!�Z�!��i3��j{|¢vJ��8�£¤J'K�NN¥�¦t4lm§¢i3��j*�p̈©#ª«J4�N�5P��©¢¬Kï*[o;t�Kp�¢���¥yp�ï¢pZBCP9ZBCD�����®K̄d[��°¥±²-t³n��́µ�5P�i3��j#¶k�©·ï�[o;t4�©�¹̧º»#¼½2p9y�¾¿9'p9fgtpÀÁÂÃ¥�8Ä�lm/¦t4Åi31/s-\$%&1ÆN/DF/SÇ�©¢nop¦t4Åi31§�ÈÉÊ¡¢ËxZ*ÌpÍÎ#Ï;[¢J4ÀDF�ÐÑ9DF/S���ÐÑ�ÒRd/Rb�Ó¢�³¬S�}P9ÅS�}P��d�Ô'pÕÖ*�pN9*g[�4À¬S�}P�ÕÖ¥�5P�s×¢O;t4��9ØÙ0¢ÚD¥�pÀJ[JÅS�}P�ÕÖ¥�5P�Û30¢Ô'�³KpÀ�d�ÍÎ�Ü�7¢89:;tpÀuÀS�}P*¬K9y(Rd/Rb ≪ 1)�ÈÉÊ¡ÆDOSÇ¢ÝÞßàáGxËxZ*_tpÍÎ�Rd/Rb ∼ 2h/ETh¥âã;tpÀ�ÀS�}P*ÅK9y(Rd/Rb ≫ 1)wDOS¢ÝÞßàáGxËxZ*_tpÍÎ�
ETh ∼ h¥âã;tpÀN�ÍÎ�Åi31�ä-*å�Yæx>!�ä√D/h9ÚDçx�x¥�pN99èé¥�pÀNt;�ÍÎ�Rd/Rb ∼ 2�9y¢ZÞ�çxêx2pÀ84�N�ëìS�}P*Y!�Z�!�9ÈÉÊ¡¢Iy'íîïâãpN9ïðJ4Àåñ5P�Üñ7¢89:;tpÀ�Às-\�©¥�ëìS�}Pñ4:¢ò-KETh¢vJ³óKZBCP*ô;gtõIyKETh¢vJ³öKZBCP÷_tpøDF/S�©¥ñZBCPñ�ùúûü�DN/S�©¥ñýñþ�ØÙÿ¢Ô��õôp��̈ñÓ¥ñDOS÷Iȳ���pNþ¢�³KpÀåñ�PwDN/S�©¥ñZBCPþ�v�ÿ¢DF/S�©¥ñZBCP��x�áÈÉ¥ñÓï	ãOpÀ
Àd-\�©¥α = 0ñþy�s-\�©ñþyþÚ�¢ëìÍÎ÷��tpþyó�
ZBCP÷���tpÀ��ñ ¡α¢v�³�õRd/Rb ≪ 1[dZ ≫ 1ñþyMARS÷�������¢�â�pÀαñ��þþý¢ëì��}�ñ�â�ò�̄��wMARS÷�������ï���pÀåñ��õ���y�α¢v�³ZBCP�ëìÍÎ÷�� �³�p!"#!þ�#$þþ�% ¢¤&�pÀ'ñ̈©ÆRd/Rb ≫ 1ÇMARSñ�â��þ(")*¥ywZBCP�ëìÍÎ÷��t³�p�¢ñ+,tpÀ
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A DC JosephsonÐÑÒÓ
A.1 BogoliubovÔÕÖ×ØÙÚÛÜÝ�Þ7ßÃà��¿á��O6BCS HamiltonianÄâ
HBCS = HMF − µN

=

∫

dr

∫

dr0 [ Ψ†↑(r) Ψ↓(r)
]

[

δ(r, r0)h0(r
0) ∆(r, r0)

∆∗(r, r0) −δ(r, r0)h0(r
0) ][ Ψ↑(r

0)
Ψ†↓(r

0) ]
+

∫

dr

∫

dr0 |∆(r, r0)|2
g(r, r0) (1)ãä!O6Á$å³æçèàr¿��À�6éêâëxâìµÌÄ$åHamiltonianåJÀÄíîïxÀÄðñÁò$À³æà«óôõ¿âö÷ïxãøù6íîïxú7ïxÇàrY56Á$$Àâ

∫

dr0 [ δ(r, r0)h0(r
0) ∆(r, r0)

∆∗(r, r0) −δ(r, r0)h0(r
0) ][ uλ(r

0)
vλ(r

0) ] = Eλ

[

uλ(r)

vλ(r)

]

(2)ãñ#?ûüåýþÿEλã.¦:;(uλ, vλ)T��È�ã�6Áü(2)å��å����àãêâüålJàVO	ù
ãâ
∫

dr0 [ δ(r, r0)h0(r
0) ∆(r, r0)

∆∗(r, r0) −δ(r, r0)h0(r
0) ][ −v∗λ(r0)

u∗λ(r
0) ]

= −Eλ
[

−v∗λ(r)

u∗λ(r)

]

(3)ãð
�ã�Lâ(−v∗λ, u∗λ)TÄýþÿ−Eλº��
¦��À�
�ã���
Áü(1)à«óô�
��Äâ
(

Ψ↑(r)

Ψ†↓(r)

)

=
∑

λ

[(

uλ(r)

vλ(r)

)

αλ,↑ +

(

vλ(r)

uλ(r)

)

α†λ,↓

]

(4)ãñ�³æ�üÀä��âBogoliubov��ãñ�Á��Àαλ,σÄBogoiubov�ïxã���â���åí���À�
Cooper«å !���"å�#àá$õ¿ñ
Áü(4)à%ñ
�ãÀü(1)à«óô�
�ã�À&
Á��Àâαλ,↑ → αλ,↑(t) = αλ,↑e−iEλt/~â
α†λ,↓ → α†λ,↓(t) = α†λ,↓e

iEλt/~ã'(º)*�
çèº+&�ù
ãâü(4)Ä,å»�ºä&�ù"�
Á
(

Ψ↑(r, t)

Ψ†↓(r, t)

)

=
∑

λ

[(

uλ(r)

vλ(r)

)

αλ,↑e
−iEλt/~ +

(

vλ(r)

uλ(r)

)

α†λ,↓e
iEλt/~] (5)
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220 Appendix�ï-./Pqã�ï-ë0IqÄâü(5)à%ñ¿â
Pq = Ψ†↑(r, t)Ψ↑(r, t) − Ψ†↓(r, t)Ψ↓(r, t) (6)

Iq =
~

m
Im

[

Ψ†↑(r, t)
∂

∂x
Ψ↑(r, t) − Ψ†↓(r, t)

∂

∂x
Ψ↓(r, t)

]

(7)ã123�
Áòå�ï-º4ñ¿å5*6Ä,åüÀá$3�
Á
∂

∂t
Pq +

∂

∂r
Iq = 0 (8)��Àâ�ï-ºë7qλ = |uλ|2 · (−e) + |vλ|2 · eà8�9â�ï-ë7./ã�ï-ë0åüàä&:�ãâ

Pe = −e
{

Ψ†↑(r, t)Ψ↑(r, t) + Ψ†↓(r, t)Ψ↓(r, t)
}

(9)

Ie = −e~
m

Im

[

Ψ†↑(r, t)
∂

∂x
Ψ↑(r, t) + Ψ†↓(r, t)

∂

∂x
Ψ↓(r, t)

]

(10)ãð
Á��Àâ5*6;ä&:�ãâ
∂

∂t
Pe +

∂

∂r
Ie + S = 0 (11)ãðêâ��<À=ù¿&�5*6ºSãñ�>?ð@�AB�
Á�åSÄSourse Termã���âCooperCº»È¿D��
ë0àçõâ,åüÀá$�
�ã�À&
Á

S =
4e

~
Im
[

∆(r, r0)Ψ†↑(r, t)Ψ†↓(r0, t)] (12)

A.2 Furusaki-TsukadaÚEF
GH I

J JK
L1MNOSISPQRS1Tè�U�TâV4ås���Wå(TXYWàZ[\],̂å_à=ù
Á�å_åHamiltonianÄâ

H =

(

− ~2

2m
d2

dx2 + U (x) − µ ∆ (x)

∆∗ (x) −
(

− ~2

2m
d2

dx2 + U (x) − µ
)

)

(13)
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Á��Àâ
U (x) =











UL x ≤ 0

arbitary 0 ≤ x ≤ L

UR x ≥ L

(14)

∆ (x) =











∆L exp (iφL) x ≤ 0

0 0 ≤ x ≤ L

∆R exp (iφR) x ≥ L

(15)À�
Áë-åbËÌcdE�∆L,∆RUêe&ñfÃåg4åhiõ�ýþ��àjkTè�Á
ψ1 :lmå���W�"ë-n�ï-àopõ�fÃåq��
ψ2 :lmå���W�"ìdÌn�ï-àopõ�fÃåq��
ψ3 :rmå���W�"ë-n�ï-àopõ�fÃåq��
ψ4 :rmå���W�"ìdÌn�ï-àopõ�fÃåq��ò�s�â

ψ1 (x) =























eik
+
L
x

(

uLe
iφL/2

vLe
−iφL/2

)

+ a1e
ik−

L
x

(

vLe
iφL/2

uLe
−iφL/2

)

+ b1e
−ik+

L
x

(

uLe
iφL/2

vLe
−iφL/2

)

x < 0

c1e
ik+

R
x

(

uRe
iφR/2

vRe
−iφR/2

)

+ d1e
−ik−

R
x

(

vRe
iφR/2

uRe
−iφR/2

)

x > L

(16)

ψ2 (x) =























e−ik
−
L
x

(

vLe
iφL/2

uLe
−iφL/2

)

+ a2e
−ik+

L
x

(

uLe
iφL/2

vLe
−iφL/2

)

+ b2e
ik−

L
x

(

vLe
iφL/2

uLe
−iφL/2

)

x < 0

c2e
−ik−

R
x

(

vRe
iφR/2

uRe
−iφR/2

)

+ d2e
ik+

R
x

(

uRe
iφR/2

vRe
−iφR/2

)

x > L

(17)

ψ3 (x) =























c3e
−ik+

L
x

(

uLe
iφL/2

vLe
−iφL/2

)

+ d3e
ik−

L
x

(

vLe
iφL/2

uLe
−iφR/2

)

x < 0

e−ik
+
R
x

(

uRe
iφR/2

vRe
−iφR/2

)

+ a3e
−ik−

R
x

(

vRe
iφR/2

uRe
−iφR/2

)

+ b3e
ik+

R
x

(

uRe
iφR/2

vRe
−iφR/2

)

x > L

(18)

ψ4 (x) =























c4e
ik−

L
x

(

vLe
iφL/2

uLe
−iφL/2

)

+ d4e
−ik+

L
x

(

uLe
iφL/2

vLe
−iφL/2

)

x < 0

eik
−
R
x

(

vRe
iφR/2

uRe
−iφR/2

)

+ a4e
ik+

R
x

(

uRe
iφR/2

vRe
−iφR/2

)

+ b4e
−ik−

R
x

(

vRe
iφR/2

uRe
−iφR/2

)

x > L

(19)
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k±R(L) =

√

2m

~2

(

µ− UR(L) ± ΩR(L)

)

(20)

uR(L) =

√

1

2

(

1 +
ΩR(L)

E

)

(21)

vR(L) =

√

1

2

(

1 −
ΩR(L)

E

)

(22)

ΩR(L) =
√

E2 − ∆2
R(L) (23)ãät�ã�u&
v��uâai, bi ci, diÄò�s�wpx�âyzx�u�êâ��"Äë-åbËÌcdEã�{å���Wå|}~ϕ = φR − φLT)*�
v��uâü(13)T��Hamiltonianà�o�
v

H̃ =

(

− ~2

2m
d2

dx2 + U (x) − µ ∆∗ (x)

∆ (x) −
(

− ~2

2m
d2

dx2 + U (x) − µ
)

)

(24)�å̃H(x)TC��
ýþ��à̃ψ1, ψ̃2, ψ̃3, ψ̃4ã�
v��Äü(16)â(17)â(18)â(19)åφL,Rà−φL,Rã+&�ù�;åu�
võ��È�âwpx�âyzx�T�ñ�,å�x��
v
ãi(ϕ,E) = ai(−ϕ,E)

b̃i(ϕ,E) = bi(−ϕ,E)

c̃i(ϕ,E) = ci(−ϕ,E)

d̃i(ϕ,E) = di(−ϕ,E)

(25)<�â��uW (

ψi(x), ψ̃j(x)
)ãñ���à�o�
v

W
(

ψi(x), ψ̃j(x)
)

= ui(x)
d

dx
ũj(x) − ũj(x)

d

dx
ui(x) − vi(x)

d

dx
ṽj(x) + ṽj(x)

d

dx
vi(x)

(26)�åW (x)Äxå�?àã
ã��Tð
��u�êâBogoliubov-de Gennes�ûüå�à;�ñ
�ê1�u�
v��u
W
(

ψi(x), ψ̃j(x)
)∣

∣

∣

x<0
= W

(

ψi(x), ψ̃j(x)
)∣

∣

∣

x>L
(27)ãñ��üUêâò�s�åwpx�Éyzx�(å�xüà�
�ã�u&
v

k−La1(ϕ,E) = k+
L ã2(ϕ,E) k−Ra3(ϕ,E) = k+

R ã4(ϕ,E)

b1(ϕ,E) = b̃1(ϕ,E) b2(ϕ,E) = b̃2(ϕ,E)

b3(ϕ,E) = b̃3(ϕ,E) b4(ϕ,E) = b̃4(ϕ,E)

k+
RΩRc1(ϕ,E) = k+

LΩLc̃3(ϕ,E) k−RΩRc1(ϕ,E) = k−LΩLc̃3(ϕ,E)

k+
RΩRd1(ϕ,E) = k−LΩLd̃4(ϕ,E) k+

RΩRd2(ϕ,E) = k−LΩLd̃3(ϕ,E)

(28)
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ë0ÒâÓTèõ�U�TfåÔÕ-Ψσ(x)uá$�
�ã�u&â
Ie = −e~

m

〈

Im

{

Ψ†↑ (x, τ)
∂

∂x
Ψ↑ (x, τ ) + Ψ†↓ (x, τ)

∂

∂x
Ψ↓ (x, τ)

}〉

(29)

=
e~

2im
lim
x′→x

(

∂

∂x′
− ∂

∂x

)

〈

Ψ†↑(x, τ)Ψ↑(x
′, τ) + Ψ†↓(x, τ)Ψ↓(x

′, τ)
〉

(30)

=
e~

2im
lim
x′→x

(

∂

∂x′
− ∂

∂x

)

1

β

∑

ωn

Tr
{

Gωn

(

x, x′
)}

(31)ãðêâÖ/Green��à%ñ�á$�
�ã�u&
v��uωn = πkBT (2n+ 1), τÒò�s�â×ØÙ�ãÚ'(u�
vGωn(x, x′)ÒÛÜGreen��u
Gωn(x, x′) =

∫ β

0
d(τ − τ ′)G(x, τ ;x′, τ ′)eiωn(τ−τ ′) (32)

G(x, τ ;x′, τ ′) = −





〈

Tτ

{

Ψ↑(x, τ)Ψ
†
↑(x
′, τ ′)

}〉 〈

Tτ

{

Ψ↑(x, τ)Ψ↓(x
′, τ ′)

}〉

〈

Tτ

{

Ψ†↓(x, τ)Ψ
†
↑(x
′, τ ′)

}〉 〈

Tτ

{

Ψ†↓(x, τ)Ψ↓(x
′, τ ′)

}〉



 (33)u�
vÛÜGreen��Òâ
Gr(x, x′;E) =

{

α1ψ3(x)ψ̃
t
1(x
′) + α2ψ3(x)ψ̃

t
2(x
′) + α3ψ4(x)ψ̃

t
1(x
′) + α4ψ4(x)ψ̃

t
2(x
′)

β1ψ1(x)ψ̃
t
3(x
′) + β2ψ2(x)ψ̃

t
3(x
′) + β3ψ1(x)ψ̃

t
4(x
′) + β4ψ2(x)ψ̃

t
4(x
′)

x ≤ x′

x ≥ x′

(34)ãät�ã�u&â,å�ûüàÝ��v
{E −H(x)}Gr(x, x′;E) = Gr(x, x′;E)

{

E −H(x′)
}

= δ(x− x′) (35)ü(34)T4ñ�â,åÞßàá
∂

∂x
Gr(x, x′;E)

∣

∣

x=x′+0
− ∂

∂x
Gr(x, x′;E)

∣

∣

x=x′−0
=

2m

~2

(

1 0

0 −1

)

(36)

Gr(x+ 0, x;E) = Gr(x− 0, x;E) (37)à%ñ
�ãTUêâx�à,åU�Tâ1�
�ã�u&
v
α1 = − imE~2k+

R
ΩR

c̃2
c̃1c̃2−d̃1d̃2

β1 = − imE~2k+
R

ΩR

c2
c1c2−d1d2

α2 = + imE~2k+
R

ΩR

d̃1
c̃1c̃2−d̃1d̃2

β2 = + imE~2k+
R

ΩR

d2
c1c2−d1d2

α3 = + imE~2k−
R

ΩR

d̃2
c̃1c̃2−d̃1d̃2

β3 = + imE~2k−
R

ΩR

d2
c1c2−d1d2

α4 = − imE~2k−
R

ΩR

c̃1
c̃1c̃2−d̃1d̃2

β4 = − imE~2k−
R

ΩR

c1
c1c2−d1d2

(38)
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ãäx, x′ < 0éfêéGreen��Ò
Gr(x, x′;E) = − imE

~2k+
LΩL

[

{

eik
+
L
|x−x′| + b1e

−ik+
L

(x+x′)
}

(

u2
L uLvLe

iϕL

uLvLe
−iϕL v2

L

)

+a1e
i(k−

L
x−k+

L
x′)

(

uLvL v2
Le

iϕL

u2
Le
−iϕL uLvL

)]

− imE

~2k−LΩL

[

{

e−ik
−
L
|x−x′| + b2e

ik−
L

(x+x′)
}

(

v2
L uLvLe

iϕL

uLvLe
−iϕL u2

L

)

+a2e
i(k−

L
x−k+

L
x′)

(

uLvL u2
Le

iϕL

v2
Le
−iϕL uLvL

)]

(39)ãðëä�éüÒ�ï-ì0éü(31)éGωn (x, x′)T}í�
;éu�
v3"Tü(28)é�xåî�ãä�ï-ì0Ò,éU�Tï$�
�ã�u&
v
Ie =

e∆L

2~

1

β

∑

ωn

1

ΩnL

(

k+
nL + k−nL

)

(

a1 (ϕ, iωn)

k+
nL

− a1 (−ϕ, iωn)
k−nL

)

e−i(k
+
nL
−k−

nL)x (40)ðñTCooperCTU
ì0T4ò�Ò
IS = −4e

~

∫ x

0
dx 〈S〉 (41)

=
e∆L

2~

1

β

∑

ωn

1

ΩnL

(

k+
nL + k−nL

)

(

a1 (ϕ, iωn)

k+
nL

− a1 (−ϕ, iωn)
k−nL

)

{

1 − e−i(k
+
nL
−k−

nL)x
}

(42)óè
Josephsonì0Òä�ô-ì0IeãäCooperCTU
ì0ISåõöê�9�;éu�ëä÷ønT,éU�ù�Tù
v
I = Ie + IS (43)

=
e∆L

2~

1

β

∑

ωn

1

ΩnL

(

k+
nL + k−nL

)

(

a1 (ϕ, iωn)

k+
nL

− a1 (−ϕ, iωn)
k−nL

)

(44)���Furusaki-TsukadaéDC Josephsonì0̀úu�
v�éúéûüÒäAndreevwpx�a1åý
�ãþu&��Josephsonì0åæÕÿ
�ãþu&
�T�
v
A.3 S-I-S System��uäs���Wé(T������é����	
���Hδ(x)å�oöÞêé���å=�
v��uHÒ���é�3å�ÿv�é_éHamiltonianÒä

H =

(

− ~2

2m
d2

dx2 + V δ (x) − µ ∆
{

eiϕRθ (x) + eiϕLθ (−x)
}

∆
{

e−iϕRθ (x) + e−iϕLθ (−x)
}

−
(

− ~2

2m
d2

dx2 + V δ (x) − µ
)

)

(45)
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v�éHamiltoniané����é]4äψ1(x)å�tãä
ψ1 (x) =























eik
+
L
x

(

uLe
iϕL/2

vLe
−iϕL/2

)

+ a1e
ik−

L
x

(

vLe
iϕL/2

uLe
−iϕL/2

)

+ b1e
−ik+

L
x

(

uLe
iϕL/2

vLe
−iϕL/2

)

x < 0

c1e
ik+

R
x

(

uRe
iϕR/2

vRe
−iϕR/2

)

+ d1e
−ik−

R
x

(

vRe
iϕR/2

uRe
−iϕR/2

)

x > 0

(46)ãù
v��uäÞßàá
ψ1 (x)|x=0+

= ψ1 (x)|x=0−
(47)

∂

∂x
ψ1 (x)

∣

∣

∣

∣

x=0+

− ∂

∂x
ψ1 (x)

∣

∣

∣

∣

x=0−

=
2mV

~2
ψ1 (x)|x=0−

(48)å%ò�äwpx�äyzx�åóè
ã,éU�ù�úþ�"�
v
a1 (ϕ, iωn) =

−∆
(

iωn sin2 ϕ
2 − Ωn sin ϕ

2 cos ϕ2
)

ω2
n (1 + Z2) + ∆2

(

cos2 ϕ
2 + Z2

) (49)

b1 (ϕ, iωn) =
−iZ (1 − iZ)

(

ω2
n + ∆2

)

ω2
n (1 + Z2) + ∆2

(

cos2 ϕ
2 + Z2

) (50)

c1 (ϕ, iωn) =
Ωn (1 − iZ)

(

Ωn cos ϕ2 − iωn sin ϕ
2

)

ω2
n (1 + Z2) + ∆2

(

cos2 ϕ
2 + Z2

) (51)

d1 (ϕ, iωn) =
−iZ∆Ωn sin ϕ

2

ω2
n (1 + Z2) + ∆2

(

cos2 ϕ
2 + Z2

) (52)

Ωn = sgn (ωn)
√

ω2
n + ∆2 (53)��uä

Z =
mV

~2kF
(54)Ò���é�3å�ÿ���d�u�
v��äJosephsonì0Òä

I = −e∆
2

~

1

β

∑

ωn

sinϕ

ω2
n (1 + Z2) + ∆2

(

cos2 ϕ
2 + Z2

) (55)ã�t�ãþu&ä���Wé��åRNãÿ
ãäLandaueré̀úUë
R−1
N =

e2

π~

1

1 + Z2
(56)
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RNI = −π∆

2e
sinϕ

√

1 + Z2

cos2 ϕ
2 + Z2

tanh







β∆

2

√

cos2 ϕ
2 + Z2

1 + Z2







(57)ãï$ÿ!"ãþu&!v"éú(57)T�ò�äZ → ∞ãÿ!ã
RNI(ϕ) → π∆

2e
sinϕ tanh

[

∆

2kBT

]

(58)ãù!v"�ÒAmbegaokar-Baratoffé�#u�!v]�äZ → 0ãÿ!ãä
RNI(ϕ) → π∆

e
sin

ϕ

2
tanh

[

∆ cos(ϕ/2)

2kBT

]

(59)ãùëäKulik-Omel’yanchuké�#å�ÿv3"TSNSÞêéIshiié�#;$%ÿ!"ãþ&'u�!v4<ëäFurusaki-TsukadaéDC Josephsonì0̀úÒj(éhiö)*å+êÿ!,-å#ö"ãTù!v. / .

. .012345134674 . 8 .
9:;<=>?@A;BCDEFG:=

H@IAJDK=DL>MDLDNKOO

PQG<<

RS TTU

VW XY
Z[[\ ]^̂_

àbcdefghijefgklmnop

L6 Furusaki-Tsukada�qrR
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Bstuvwxyz{|}~��T�òU�ù��/uqtì-TCö�Òä�ù!�4éô-åï$ÿ!�����
�d��úÒ�%ÿ!"ãÒu&ùòv}C*é�óåÝÿ�q��úþ��Tù��t!v""uÒä}C*nù��åÝÿDirac��úå�&äDirac��ú�"}C*nù�#ãö���
��}��%þ���!"ãå�ÿv
B.1 Dirac��F}C*nTäb��cdεãDq�pé(TÒä

ε2 = c2p2 +m2c4, (60)é�xþ !v\öämÒì-é¡�äcÒ��äp = (p1, p2, p3)u !v(60)úåb��cdT4ò�],éúTÿ!ãä
ε = c

√

p2
1 + p2

2 + p2
3 +m2c2, (61)ãù!v(61)úåcu-ëär¢åp1, p2, p3,mcé],úT�öòã�tãä

ε

c
=
√

p2
1 + p2

2 + p2
3 +m2c2 = α1p1 + α2p2 + α3p3 + βmc, (62)ãù!vα1, α2, α3, βþ\é£uÒ(62)úåÝÿ"ãÒu&ùòvuÒä"�¤þ¥éU�ù¦u �§(62)úåÝõÿ!"ãþu&!é��"�v(62)úé̈¢å©ªÿ!vÿ!ãä

p2
1 + p2

2 + p2
3 +m2c2 = α2

1p
2
1 + α2

2p
2
2 + α2

3p
2
3 + β2m2c2

+ (α1α2 + α2α1)p1p2 + (α2α3 + α3α2)p2p3 + (α3α1 + α1α3)p3p1

+ (α1β + βα1)p1mc+ (α2β + βα2)p2mc+ (α3β + βα3)p3mc, (63)þ�¤�!vöþ��αi(i = 1, 2, 3), βÒjké«£�xåÝ3ùa�§ù¤ùò:
α2

1 = α2
2 = α2

3 = β2 = 1

αiαk + αkαi = 0, i, k = 1, 2, 3 i 6= k

αiβ + βαi = 0, i = 1, 2, 3. (64)"�¤é�xúåÝÿα1, α2, α3, βÒä¬ùtã4 4®é ®uùt�Òù¤ùòv"�¤4 4®é ®Ò̄£T ëä°é±Wnù¦é�²ÒjkéU�Tù!:
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α1 =











0 0 0 1

0 0 1 0

0 1 0 0

1 0 0 0











, α2 =











0 0 0 −i
0 0 i 0

0 −i 0 0

i 0 0 0











,

α3 =











0 0 1 0

0 0 0 −1

1 0 0 0

0 −1 0 0











, β =











1 0 0 0

0 1 0 0

0 0 −1 0

0 0 0 −1











. (65)"�¤å(62)úT«oöä̈¢åc¶öpj → −i~∂/∂xj , ε → i~∂/∂tã�·�ȩ́ß¹å �§ä
i~
∂

∂t
= −ic~

(

α1
∂

∂x1
+ α2

∂

∂x2
+ α3

∂

∂x3

)

+ βmc2, (66)å�!v"�å]ì·é�q�£ψ(r, t)º�³»¼úä
i~
∂

∂t
ψ =



−ic~
3
∑

j=1

αj
∂

∂xj
+ βmc2



ψ, (67)åDirac��úã½¾v(67)úér¢¿ÀÁåHã�Â§äHψ = i~∂ψ/∂tãùëäÃÄåÅÆ�����
�Ç��úãÈ¦ºù!þäÉÊ�ËÌ�
Hþä
H = −ic~

3
∑

j=1

αj
∂

∂xj
+ βmc2, (68)ãù�Íò!ÎþÏù�Íò!Ð

B.2ÑÒÓÔÕÖ×ØÙ !ìÚEþÛÜ»�ÝºÞÂ!Diracì·åß�!ÐìÚEå ¤àÿéºä�á�Ç�	
���Φåä
E = −gradΦ, (69)ãâãÿ!ÐH → H−eΦãò�ä¹å�åÿ!ãäìÚþÛÜ»�Íò!ã¹éDiracæ�úçä



230 Appendix

(

i~
∂

∂t
+ eΦ

)

ψ =

{

cα1

(

−i~ ∂

∂x

)

+ cα2

(

−i~ ∂

∂y

)

+ cα3

(

−i~ ∂

∂z

)

+ βmc2
}

ψ, (70)ãù!Ð !òç"�åä
i~
∂

∂t
ψ = Hψ, (71)

H = cα1

(

−i~ ∂

∂x

)

+ cα2

(

−i~ ∂

∂y

)

+ cα3

(

−i~ ∂

∂z

)

+ βmc2 − eΦ, (72)ã�¹èèéHêìÚÁì·éëì*íÉÊ�ËÌ�
îß�Í½òÐ»Íé(70)úêé






(

i~
∂

∂t
+ eΦ

)

− c

3
∑

j=1

αj

(

−i~ ∂

∂xj

)

− βmc2







ψ = 0, (73)î�¹ïöéð�¤ñò·é






(

i~
∂

∂t
+ eΦ

)

+ c

3
∑

j=1

αj

(

−i~ ∂

∂xj

)

+ βmc2







, (74)ê�³»¼!Ð
• α1, α2, α3, βî°óôóñò·îçõåÿ!"î
• α1, α2, α3, βç(64)úêöÿ"î
• EîΦóÄºE = −gradΦó�÷þ !"îêßøÿ�§é

{

(

i~
∂

∂t
+ eΦ

)2

− c2p2 −m2c4 + ic~eα · E
}

ψ = 0, (75)þù¤�!Ðúöα ≡ (α1, α2, α3)îöÐûëì*íùÚüîýþºé(75)úóâ�ÿçé
ψ(r, t) = e−iεt/~φ(r), (76)î��¦ê�²Ðú�éε = ~ω� !Ðφ(r)ç(76)�ê(75)�º«��Íù¤�!æ��é
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{

(ε+ eΦ)2 − c2p2 −m2c4 + ic~eα · E
}

φ(r) = 0, (77)óÿ� !Ðú�é"óφ(r)çé
φ(r) =











φ1(r)

φ2(r)

φ3(r)

φ4(r)











, (78)î��¦ê²���ó�£� !Ð²	ºé(70)�é
(

i~
∂

∂t
+ eΦ

)

ψ =
{

cα · p + βmc2
}

ψ, (79)º(76)�ê«�ÿ!îé
(

ε+ eΦ − βmc2
)

φ(r) = cα · pφ(r), (80)þù¤�!Ð(65)�½
é4 4®ó ®α = (α1, α2, α3)óûì��º !2 2®ó�� ®çé��Pauli ®σx, σy, σzº��Í�!Ð���Íéσ = (σx, σy, σz)îÞ�î(80)�çé
(

ε+ eΦ −mc2
)

[

φ1

φ2

]

= cσ · p
[

φ3

φ4

]

, (81)

(

ε+ eΦ +mc2
)

[

φ3

φ4

]

= cσ · p
[

φ1

φ2

]

, (82)ó½�º©²ó�º�ÂÍ���î��¹�Ð�é
ε = mc2 + ε′, (83)îÞÂ§éε′ç�·ó����Ç�¤������Çmc2ê���
� �Ð ó����Çê�!éûëì"íº#�Í½��$º%��
&'�Í��Úüºçé

|ε′| ∼= |ε′ + eΦ| ∼= mv2 ≪ mc2, (84)



232 Appendix��()�Ð�éε+eΦ+mc2 ∼= 2mc2î�È�¹�Ð���Íé(82)�½
�È�é
[

φ3

φ4

]

=
1

2mc
(σ · p)

[

φ1

φ2

]

, (85)�ù¤��Ð²	ºûëì"í����ÇóÚüêß*é
(ε+ eΦ)2 −m2c4 =

(

ε′ + eΦ +mc2
)2 −m2c4

= 2mc2
(

ε′ + eΦ
)

+
(

ε′ + eΦ
)2
, (86)î�Íé+,ó�ê-.�Pauli/®ê³��îé(77)�ýþº�Íé

{

2mc2(ε′ + eΦ) − c2p2
}

[

φ1

φ2

]

+ ic~eσ · E
[

φ3

φ4

]

= 0, (87)

{

2mc2(ε′ + eΦ) − c2p2
}

[

φ3

φ4

]

+ ic~eσ · E
[

φ1

φ2

]

= 0, (88)î©²ó�º�ÂÍ���î��¹�Ð(85)�ê(87)�ó0©�1º«�)�îé
{

p2

2m
− eΦ − i~e

4m2c2
(σ · E)(σ · p)

}

[

φ1

φ2

]

= ε′
[

φ1

φ2

]

, (89)�ù¤��Ð���é23Ë�ÿ4ó5�(σ ·C)(σ ·D) = (C ·D) + i(σ · [C ×D])ê³��î(89)�çé
{

p2

2m
− eΦ − ie~

4m2c2
(E · p) +

e~

4m2c2
(σ · [E × p])

}

[

φ1

φ2

]

= ε′
[

φ1

φ2

]

, (90)î��Ðð¢¿ÀÁó06�1ó7 ����8��ë��³ê *�Ð9:;Ú�çé
E = −gradΦ(r) = −r

(

1

r

dΦ

dr

)

, (91)� ��¤��8��ë��³HSOçé
HSO =

e~

4m2c2
(σ · [E × p]) = − e~

4m2c2

(

1

r

dΦ

dr

)

(σ · [r × p]) , (92)



B��8��ë��³ó́µ 233î��Ðs = ~σ/2, [r × p] = l� ��¤é
HSO = − e

2m2c2

(

1

r

dΦ

dr

)

(s · l), (93)�ù¤��Ð���ëì"í��<�¤=>���8��ë��³� �Ð�é?ó@Aî�Í(92)�ºÞ�Íp → −i~∇îä¹å*�§é
HSO = µBσ ·

(−i~E × ∇

2mc2

)

, (94)�ù¤��Ðú�éµB = e~/2mçBÇCD·� �Ð
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CEFGHIJ8KLëMN³º½OÍ=>�PQDÚóRSº²�ÍTU�Ðëì"íV·;WXYZX[�IJ8KLëMN\çé
HSO = µBσ ·

(−i~E × ∇

2mc2

)

, (95)�]*Y[�ÐPQDÚºë̂)�¿À��êBeffîÞ�Ð���éz_ềab�·cIdeºì�Ífïægî�é�hçxydeê&')�½iºâã)�ÐjeºXX��ÚêE = (0, 0, Ez)(ú�éEz = const)î�Íé−i~∇ = p = mvók÷ê\��îPQDÚBeffçlmó½iºnò�¹�:
Beff =

−i~E × ∇

2mc2
=

E × v

2mc2
=
Ez
2c2

[−vy, vx, 0]. (96)o	ºéBeffîvóÁpênò)�îé
Beff · v =

Ez
2c2

[

−vy vx 0
]







vx

vy

0






= 0, (97)î��ÐBeff · v = 0½
éPQDÚç�hó&'ægºì�ÍéqrfïægrXX��î�àX�Ð
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D Nazarovvwxyz
D.1{|}~�Ñ����������

(dR · dR)−1ç�[q�Z�/Ë����Ë��Z�(DN/TS)é�[q�Z�/�8������Z�(DN/USS)�ürì��lm��*Y[��
(dR · dR)−1 =

{

d
(t)
e (φ) + d

(t)
o (φ) sinψ0 DN/TS

d
(s)
e (φ) DN/USS

(98)���d(s)
e (φ)îd(t)

e (φ)çφó�k��]
éd(t)
o (φ)çφó�k��]�����

sz =







0

0

1






(99)îâã)����YXónòó,élmók÷�êù��

−1

2
(1 + T 2

1 )(s2+ − s2−)2[s1 × (s2+ + s2−)] · sz (100)

=

{

F
(t)
1o (φ) cosψ0 DN/TS

F
(s)
1e (φ) cosψ0 DN/USS

2T1s1 · (s2+ × s2−)[s1 × (s2+ × s2−)] · sz (101)

=

{

F
(t)
2e (φ) cosψ0 sinψ0 DN/TS

F
(s)
2e (φ) cosψ0 sinψ0 DN/USS

2T1s1 · (s2+ − s2−)[s1 × (s2+ − s2−)] · sz (102)

=

{

(F
(t)
3e (φ) sinψ0 + F

(t)
3o ) cosψ0 DN/TS

F
(s)
3e (φ) cosψ0 DN/USS

−i(1 + T 2
1 )(1 − s2+ · s2−)[s1 × (s2+ × s2−)] · sz (103)

=

{

F
(t)
4e (φ) sinψ0 DN/TS

F
(s)
4o (φ) sinψ0 DN/USS
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2iT1(1 − s2+ · s2−)[s1 · (s2+ − s2−)s1 − (s2+ − s2−)] · sz (104)

=

{

F
(t)
5e (φ) sinψ0 + F

(t)
5o (φ) DN/TS

F
(s)
5o (φ) sinψ0 DN/USS���F (t)

2e (φ), F
(t)
3e (φ), F

(t)
4e (φ), F

(t)
5e (φ), F

(s)
1e (φ), F

(s)
2e (φ)éF (s)

3e (φ),çφó�k��]
é
F

(t)
1o (φ), F

(t)
3o (φ), F

(s)
4o (φ), F

(t)
5o (φ), F

(s)
5o (φ)çφó�k��]��̂IRó̂τ3����$φód�r O�¡*�î)�îDN/TS�ürì��çsinψ0 = 0¢DN/USS�ürì��çcosψ0 = 0êù��£<î��sjtuçlm��*Y[��

L

Rd
(
∂θ

∂x
)|x=0 =

< F >

Rb
(105)

F =
2T (fS cos θ0 − gS sin θ0)

2 − T + T (cos θ0gS + sin θ0fS)
(106)���DN/TS�ürì��gS = (g++g−)/(1+g+g−+f+f−)éfS = i(f+g−−g+f−)/(1+

g+g− + f+f−)éDN/USS�ürì��gS = (g+ + g−)/(1 + g+g− + f+f−)éfS = (f+ +

f−)/(1 + g+g− + f+f−)�]
g± = g±(φ)éf± = f±(φ)îÞ��
D.2{|}~�¤���Keldysh�����o	rKeldysh��êß*��Ibêlmó irâã)��

Ib =
1

4
Tr[τ̂3ÎK ] ÎK = 2(R̂1B̂K + K̂1B̂A − B̂RK̂1 − B̂KÂ1) (107)���̂K1 = R̂1f̂1(0)− f̂1(0)Â1é̂f1(0) = f0N (0) + f3N (0)τ̂3�]��̂BRçaó irâã¥[��̂
BR =

{

b
(t)
1 τ̂1 + b

(t)
2 τ̂2 + b

(t)
3 τ̂3 DN/TS

b
(s)
1 τ̂1 + b

(s)
2 τ̂2 + b

(s)
3 τ̂3 DN/USS

(108)

b
(t)
1 = −T1(T1 sin θ0 + fS)

Λ
, b

(t)
2 = −T1f̄S

Λ
, b

(t)
3 = −T1(T1 cos θ0 + gS)

Λ
,

b
(s)
1 = −T1f̄S

Λ
, b

(s)
2 = −T1(T1 sin θ0 + fS)

Λ
, b

(s)
3 = −T1(T1 cos θ0 + gS)

Λ
,

Λ = (1 + T 2
1 ) + 2T1(gS cos θ0 + fS sin θ0)
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gS =

{

(g+ + g−)/(1 + g+g− + f+f−) DN/TS

(g+ + g−)/(1 + g+g− + f+f−) DN/USS
(109)

fS =

{

i(f+g− − f−g+)/(1 + g+g− + f+f−) DN/TS

(f+ + f−)/(1 + g+g− + f+f−) DN/USS
(110)

f̄S =

{

(f+ + f−)/(1 + g+g− + f+f−) DN/TS

i(f+g− − g+f−)/(1 + g+g− + f+f−) DN/USS
(111)�âã¥[��̂BA¦̂BRîýþrnò�§�̂BA = −τ̂3B̂†Rτ̂3��
(o�î�̈©�� O�Ibçlmóªr��

Ib = Trace{τ̂3(R̂1B̂K + R̂†1B̂K) (112)

−[τ̂3(R̂
†
1B̂
†
R + B̂RR̂1 + B̂†RR̂1 + R̂†1B̂R)]f0N (0) − [(R̂1 + R̂†1)(B̂R + B̂†R)]f3N (0)}/2,

φro��ó�$d�êî
é��«Iêî�îf0N (0)r¬�0®�ç< Ib >r̄��§���î�̈)�î��§���élm��*Y[�̂BKênò)�°±�]��
B̂K = D̂−1

R N̂K − D̂−1
R D̂KB̂A, B̂A = D̂−1

A N̂A (113)

Ď = −T1[Ǧ1, Ȟ
−1
− ] + Ȟ−1

− Ȟ+ − T 2
1 Ǧ1Ȟ

−1
− Ȟ+Ǧ1, Ď =

(

D̂R D̂K

0 D̂A

)

,���̂NKî̂NAç²[³[lm��*Y[�̌NóKeldysh��î́µ���]��
Ň = T1 − T1Ȟ

−1
− + T 2

1 Ǧ1Ȟ
−1
− Ȟ+ Ň =

(

N̂R N̂K

0 N̂A

)

.

DN/TS�çDN/USS�ürì��lmó ir�¶k�f0S(0)éf0N (0)éf3N (0)ó·ª£üî��̂NKî̂DKê@)�î��§��
N̂K =

{

Ĉ
(t)
1 f0S(0) + Ĉ

(t)
2 f0N (0) + Ĉ

(t)
3e f3N (0), DN/TS

Ĉ
(s)
1o f0S(0) + Ĉ

(s)
2o f0N (0) + Ĉ

(s)
3o f3N (0), DN/USS

(114)

D̂K =

{

Ĉ
(t)
4 f0S(0) + Ĉ

(t)
5 f0N (0) + Ĉ

(t)
6 f3N (0), DN/TS

Ĉ
(s)
4o f0S(0) + Ĉ

(s)
5o f0N (0) + Ĉ

(s)
6o f3N (0), DN/USS

(115)
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D̂−1
R =

{

Ĉ
(t)
7e + Ĉ

(t)
7o DN/TS

Ĉ
(s)
7o DN/USS

(116)���2 × 2/̧̂C(r)
jk¹r = t, séj = 1, .., 7ék = e, oºê\��̂C(t)

1 = Ĉ
(t)
1e + Ĉ

(t)
1o ,

Ĉ
(t)
2 = Ĉ

(t)
2e + Ĉ

(t)
2o , Ĉ

(t)
4 = Ĉ

(t)
4e + Ĉ

(t)
4o , Ĉ

(t)
5 = Ĉ

(t)
5e + Ĉ

(t)
5o , Ĉ

(t)
6 = Ĉ

(t)
6e + Ĉ

(t)
6oîÞ��»*¼k�e (o)óî§̂C(r)

jkçφó�¹�ºk��]��̂C(t)
1e , Ĉ

(t)
2e , Ĉ

(t)
4o , Ĉ

(t)
5o , Ĉ

(t)
6e , Ĉ

(t)
7oç

1̂î̂τ2ó·ª£ü�]
é̂C(t)
1o , Ĉ

(t)
2o , Ĉ

(t)
3e , Ĉ

(t)
4e , Ĉ

(t)
5e , Ĉ

(t)
6oé̂C(t)

7eç̂τ1î̂τ3ó·ª£ü�]��̂1ç�h- ½¾¿�óÀÁ/̧�]��Âæé̂C(s)
1o , Ĉ

(s)
2oé̂C(s)

6oç̂τ2î̂τ3ó·ª£ü�]
é̂C(s)
3o , Ĉ

(s)
4o , Ĉ

(s)
5oé̂C(s)

7oç̂1î̂τ1ó·ª£ü�]���[Yó�îêÃør�[�φro��ó�$d�ê/iî< Ib >çDN/TS (DN/USS)�ürì��
< Ib >=< Trace{(R̂1 + R̂†1)[B̂KE τ̂3 − (B̂R + B̂†R)]f3N (0)}/2,

B̂KE = D̂−1
R [Ĉ3 − Ĉ6D̂

−1
A N̂A],

Ĉ3 = T 2
1 (R̂1τ̂3 − τ̂3Â1)Â

−1
m Âp,

Ĉ6 = T1[−(R̂1τ̂3 − τ̂3Â1)Â
−1
m + R̂−1

m (R̂1τ̂3 − τ̂3Â1)

−T1(R̂1τ̂3 − τ̂3Â1)Â
−1
m ÂpÂ1 − T1R̂1R̂

−1
m R̂p(R̂1τ̂3 − τ̂3Â1)] (117)

Ĉ3 = Ĉ
(t)
3e (Ĉ3 = Ĉ

(s)
3o )é̂C6 = Ĉ

(t)
6 (Ĉ6 = Ĉ

(s)
6o )��*Y[��lmótu��
(O���ó�

D̂−1
A N̂A = −τ̂3B̂†Rτ̂3, Âm(p) = −τ̂3R̂†m(p)τ̂3, (118)

D̂−1
R (T1 − T1R̂

−1
m + T 2

1 R̂1R̂
−1
m R̂p) = B̂R, (119)

B̂R(1 + R̂−1
m + T1R̂1R̂pR̂

−1
m ) = T1R̂

−1
m R̂p (120)

< Ib >çaó irXÄ��
< Ib >=

1

2
< Trace{−(R̂1 + R̂†1)B̂R(R̂1 + R̂†1)B̂

†
R − (R̂1 + R̂†1)(B̂R + B̂†R)} > f3N (0)

< Ib0 >ê< Ib0 >=< Ib > /f3N (0)�ÅÆ)��+Çír< Ib0 >ó@�Èlm��*Y[��
< Ib0 >=<

T

2

C0

| (2 − T ) + T (cos θ0gS + sin θ0fS) |2 > (121)
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C0 = T (1+ | cos θ0 |2 + | sin θ0 |2)[| gS |2 + | fS |2 +1+ | f̄S |2]

+4(2 − T )[Real(gS)Real(cos θ0) + Real(fS)Real(sin θ0)]

+4T [Imag(cos θ0 sin θ∗0)Imag(fSg
∗
S)].���gSÒfSÒ̄fSÈ�(109)Ò(110)Ò(111)��*Y[����

EÓÔÕÖ×ØÙÚÛØÜÝÞßàáâãvÕäåæÚÜçèvÞß��éÈd-ê��Z��ëìÉÊË�Ì8Í3Î8IÏní)�ÐìË���3I�ÑÏní)��̌H+Ò̌H−Ò̌BnÒ̌IÏlmì irÅÆ)��
Ȟ+ =

(

R̂p K̂p

0 Âp

)

, Ȟ− =

(

R̂m K̂m

0 Âm

)

, (122)

B̌n =

(

B̂R B̂K

0 B̂A

)

, Ǐ =

(

ÎR ÎK

0 ÎA

)

Ȟ± = (Ǧ2+±Ǧ2−)/2��8������Z�éÈsjtuÏî)Ðr̂R1 = cos θ(x)τ̂3+

sin θ(x)τ̂2ïðU��Ë���3I�ÑÈ̌I = Trn[Ǐn]é�*Y[����é̌In = 2[Ǧ1, B̌n]Ò
B̌n = (−T1n[Ǧ1, Ȟ

−1
− ] + Ȟ−1

− Ȟ+ − T 2
1nǦ1Ȟ

−1
− Ȟ+Ǧ1)

−1(T1n(1 − Ȟ−1
− ) + T 2

1nǦ1Ȟ
−1
− Ȟ+)

T1n =
Tn

2 − Tn + 2
√

1 − Tné]��arKeldyshñòró1)��IbÏlmì irÅÆ)��
Ib =

1

2

∑

n

Tr[ÎK ]. (123)níÏµÐ�ïIbÈ
Ib =

1

2

∑

n

Tr[(R̂1 − Â1)B̂K + fl(L−)(R̂1 − Â1)(B̂A − B̂R)]é�*Y[��ïôõX��lmé�*Y[�̂BKÏníö÷Ä[ø÷Y÷ù�
B̂K = D̂−1

R N̂K − D̂−1
R D̂KD̂

−1
A N̂A, (124)
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Ď = −T1n[Ǧ1, Ȟ
−1
− ] + Ȟ−1

− Ȟ+ − T 2
1nǦ1Ȟ

−1
− Ȟ+Ǧ1, Ď =

(

D̂R D̂K

0 D̂A

)

,��é̂NKï̂NAÈ²[³[̌NìKeldysh¢úûñòé]üÒ̌NÈlmé�*Y[��
Ň = T1n − T1nȞ

−1
− + T 2

1nǦ1Ȟ
−1
− Ȟ+, Ň =

(

N̂R N̂K

0 N̂A

)

.

N̂Kï̂NAÏlmì irò¶k�fSÒfl(L−)Òft(L−)ì·ª£ëé@)�ïôé§��
N̂K = Ĉ1fS + Ĉ2fl(L−) + Ĉ3ft(L−),

D̂K = Ĉ4fS + Ĉ5fl(L−) + Ĉ6ft(L−),

Ci(i = 1 − 6)È2 × 2/̧é]��̂D−1
R Ĉ1, D̂

−1
R Ĉ2, D̂

−1
R Ĉ4D̂

−1
A N̂AÒ̂D−1

R Ĉ5D̂
−1
A N̂Aô

τ̂2Ò̂τ3ì·ª£ëéXÄÒ̂D−1
R Ĉ3Ò̂D−1

R Ĉ6D̂
−1
A N̂Aô̂1ï̂τ1ì·ª£ëéXÄ��ïÏÃýrþ[�ïlmìIbì@ÿÏ���

Ib =
1

2

∑

n

Tr[fS(R̂1 − Â1)(D̂
−1
R Ĉ1 − D̂−1

R Ĉ4D̂
−1
A N̂A)

+fl(L−)(R̂1 − Â1)(D̂
−1
R Ĉ2 − D̂−1

R Ĉ5D̂
−1
A N̂A) + (R̂1 − Â1)(B̂A − B̂R)] (125)

Ĉ1 = T1n[Â
−1
m − R̂−1

m + T1n(R̂1R̂
−1
m (R̂p − Âp) − R̂1(Â

−1
m − R̂−1

m )Âp)]

Ĉ2 = T 2
1n(R̂1 − Â1)Â

−1
m Âp

Ĉ4 = T1n[R̂1(Â
−1
m − R̂−1

m ) − (Â−1
m − R̂−1

m )Â1] + R̂−1
m R̂p − Â−1

m Âp

+T 2
1n[−R̂1R̂

−1
m (R̂p − Âp)Â1 + R̂1(Â

−1
m − R̂−1

m )ÂpÂ1] (126)

Ĉ5 = T1n[−(R̂1 − Â1)Â
−1
m + R̂−1

m (R̂1 − Â1) − T1n(R̂1R̂
−1
m R̂p(R̂1 − Â1) + (R̂1 − Â1)ÂmÂ

−1
p Â1)].

(127)lmìÿôñü(o�ïr��ô±��
D̂−1
R (T1n − T1nR̂

−1
m + T 2

1nR̂1R̂
−1
m R̂p) = B̂R,
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B̂R(1 + R̂−1
m + T1nR̂1R̂pR̂

−1
m ) = T1nR̂

−1
m R̂p (128)

B̂RÈ̂BR = b1τ̂1 + b2τ̂2 + b3τ̂3

b1 =
−iT1n(f+g− − f−g+)

(1 + T 2
1n)(1 + g+g− + f+f−) + 2T1n[cos θL(g+ + g−) + sin θL(f+ + f−)]

,

b2 =
−T1n[T1n sin θL(1 + g+g− + f+f−) + f+ + f−]

(1 + T 2
1n)(1 + g+g− + f+f−) + 2T1n[cos θL(g+ + g−) + sin θL(f+ + f−)]

,

b3 =
−T1n[T1n cos θL(1 + g+g− + f+f−) + g+ + g−]

(1 + T 2
1n)(1 + g+g− + f+f−) + 2T1n[cos θL(g+ + g−) + sin θL(f+ + f−)]

(129)é�*Y[��+Ç�rlmé�*Y[�Ibì@ÿÏ���
Ib =

∑

n

Tn
2

C ′0(fs − fl(L−))

| (2 − Tn)(1 + g+g− + f+f−) + Tn[cos θL(g+ + g−) + sin θL(f+ + f−)] |2

(130)

C ′0 = Tn(1+ | cos θL |2 − | sin θL |2)(| g+ + g− |2 − | f+ + f− |2

+ | 1 + f+f− + g+g− |2 − | f+g− − g+f− |2)
+4(2 − Tn)[Real[(1 + g∗+g

∗
− + f∗+f

∗
−)(g+ + g−)]Real(cos θL)

−Imag(sin θL)Imag[(1 + g∗+g
∗
− + f∗+f

∗
−)(f+ + f−)]]

+4TnReal(cos θL sin θ∗L)Real[(f+ + f−)(g∗+ + g∗−)]. (131)�[È�¿���	Rì
[�ù÷ù��ì��������Z�r��Â��÷�ÿé]��
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