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j(ϕ) = jc sinϕ
Ä1~ w�y

jc > 0
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sin (nϕ)
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SFS
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Nb − Cu0.47Ni0.53 − Nb
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� zÑ��u��

Cu0.47Ni0.53
ÄX�s|spîr�u��u�|s�4��s|ku�psz ��u�w�pk���ky�|kyÑ��u�w!p�qGu����_�svku�~�u���� z�u�z��u���vsp��a}

π
� z�u�z��u���vspkyYpKu���|�t���vku�Ät@��tr�ä%y v�t��� � w�t�y{��zØ� �y��5�ky�|�t����k|svs�_�

0 − π
� �ky�|kyÑ��u�w;�'�,�s|kyÑw�y���y�vs�psvk�y�|s}�t·��� �u��×%psvOÄÊ}îr�u��u�|s�4�
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� �ky�|kyÑ��u�w ��}��s�sy{��zØ� ���ip���p

π
�r�u�vk��trk��u��.�

• �,z{zÑ��yÑw�u�}�tvs� ��zÑ��u�}�p��þv�t��� � w�y�vsp��þ�y��5�ky�|�t����k|svs�4�
0 − π

�ky�|kyÑ��u�w�u�}v�t w�ä%uq�y�o=z�u�vku�}�z{rspx� r�u�vk��trk��t��
Nb − Cu1−xNix − Nb

�s|sp |�t·q�vku��z�u�z���t}y	pK��t~{vky{��p�q·�¨y
CuNi

� z{����t}�t�Ó
x = 0.53, 0.57

Õý�%('rxz{�ky�|sp��¨y�vk��t·��Î�vku�ku{w���}y�|�äSw�y�vku�Ä%�k�uå�ky�|spku�wÁu�z{�sp��s�s���sps� z{}y�|��s�s|ku�}u�w���×	y�~�u ��t|�t��¨y{��|�t�ku�|��kw�rxtS�s�¨y�vsÎ�¿St�y{��z ��z,��z{p���y�vspky�� ��t~{vky{��p�q·��tYo,y�|s|ku���t~{vspk��vku�~�u�zÑ��u��®�
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u��spsz{�_}�t�y{�ú�rxz{�ku�vky�vs�sp�t·��Î�vku�y q·t�������tvspky z{}y�|��s�s|ku�}u�w�p��¨u�z���pOÄ t ���5vsp���t·�_� w���psv�t
ξF2

u��s|kyÑw�y��s�sy{�i�ky�|spku�wþu�z{�sp��s�s���sps� ��t|�t��¨y{��|�t �ku�|���w�r�t
λex = 2πξF2

��¸�s|spszÑ����z���}�psp!�u��Î�r�u��y��5�ky�|�t����k|svku�~�u�pXu����¨y�vsvku�~�u�|�tz{��t|sps}�t � ×%px�!o+trk�u�|ku�}ú{��p�w���psvs� }��_|�t·äSt � ��zØ��r�tr!Ó û�� üÔÄ û � � ü Õ:�

ξF1,2 =

√
h̄D√

E2
ex + (πkT )2 ± πkT

≈
√
h̄D

Eex
(1∓ πkBT

2Eex
),

Ó ��Õ
~ w�y }y�|��svsps� p vsp�ä�vsps� q�v�trsp z�u�u���}y{��z���}�� � � }y���ps�spsv�t��

ξF1
p
ξF2
ÄÊt�s|spk���p�ä%y�vsvku�ye|�t}y�vsz���}uKp��¨y{y{�L�¨y�z��uK�s|sp!��zÑ��u�}�psp

Eex À kT
�¨¸ �ku�zÑ��yÑw�vky��zÑ�s�k��t�yiw�y��sz���}�pk�y���Î�v�t·� pî�5vsp���t·� w���psvs� r�u�~�y�|ky�vk��vku�z���pî�s|spk���p�q�pk�y���Î�vku|�t}�vs�«w�|��k~Zw�|��k~Ñ���Ö t�w�t���t.uA}��_�spszÑ��y�vspsp�rs|spk��ps�ky�z{r�u�~�uA�u�r�t'w�ä%uq�y�o=z�u�vku�}�z{r�u�~�u
SFS

� r�u�vk��trk��t}`w�pso=oZ�xq�vku�� �s|kyÑw�y���yG���'��te}��ky�|s}��.y�|�tz{z��¨u���|ky�v�t ¾ �xq�w�psvs� �.Ä Å �k�s|sp���vku�}�� �p w�|O�ÝÓ û ���·ü � û ���âü Õ } v�t���t·��yea���� �@~�u�w�u�}0�s|ku�¿���u�~�uþ}y�r�tk� Å |spk��ps�ky�z{rsps� �u�rr�u�vk��trk��t+}��.�spszÑ�s�s��z �Gv�tZu�z{vku�}y_|ky�¿	y�vsp��%��p�tvky�|sp�q�u�}�tvs�4�%�k|�t}�vky�vsps�%ÒUq·t�w�y��s�û ��l�üÔÄ �k�u �ku�w�|�t·q{�s�¨y�}�t�y{� ��t·��u�z���Î z{}y�|��s�s|ku�}u�w���×	y�� }u��vku�}u�� oZ�kvsrs�spsp}7o,y�|s|ku��5t~{vky{��psr�y��8(4�u7��zÑ��u�}�pky �¨u�ä	y{�7���.��Îî}��_�ku��vky�vkuî�s|sp ���p�q�u�z���p�y��5�ky�|�t����k|s�æú�rxz{�ky�|sp��¨y�vk��t`rLrs|spk��ps�sy�z{r�u��K�y��5�ky�|�t����k|kyGz{}y�|��s�s|ku�}u�w�vspsr�t
Tc
Ä��u��Î�¿	u�� �u��×%psvky ��t~{vspk��vku�~�u«zÑ��u��

dF
�ku«z{|�t}�vky�vsp � zg�s|ku�z���|�tvsz���}y�vsvs� ���tz{¿	��t���u�� q·t�������tvsp��8z{}y�|�s�s|ku�}u�w�p��¨u�z���p
ξF1

û ���Ñü4p���pg����u���u��g�s|kuq�|�t��svku�z���p
SF
� ~{|�tvsps�s� û�� üÔÄ û � � ü Ó

ΓB = RB/RF À 1
Ä ~ w�y

RB, RF
� ~{|�tvsps�svku�yz�u��s|ku���ps}���y�vspky%pQz�u��s|ku���ps}���y�vspky	o,y�|s|ku���t~{vky{��psr�t�z�u�u���}y{��z���}y�vsvkuxÕý� ¸«�s|kyÑw�y���y

dF À ξF1
Ä;t���tr�ä%y��s|sp!��u��Î�¿	u��!ú�vky�|s~{psp!u����¨y�vsvku�~�u�}�q·tp��¨u{w�y��sz���}�p��

Eex À
kTc

Ä#r�u�~ w�t!}�r���t�w �y��5�ky�|�t����k|svku�~�uÝ|�tz{��t|sps}�tvsp�� ��t·� Ó }1ú{�u�� zÑ�s�k��t�yLp�qL�k|O�Ó ��ÕSzÑ��yÑw���y{�·Ä��k�u
ξF1 ≈ ξF2 ≈ ξ0 =

√
h̄D/Eex

ÕýÄ¹�ku�s�k�ky�vsvs�.y�} û ���ÑüAp û�� üÔÄ û � � ü|ky�q{�·��Î��·t���� �¨u�~Ñ���`���.��Îez{}yÑw�y�vs�årKzÑ��yÑw�� � ×	y��LoZ�kvsrs�spku�v�t·��Î�vku��Kq·t}�psz{p��¨u�z���pûgf �Ñüh�
jc = j0 exp (−dF/ξ0)[cos(dF/ξ0) + sin(dF/ξ0)].

Ó ��Õ
π
� z�u�z��u���vspky,��}��s�sy{��zØ�eu�z{vku�}�vs� �Ý}Y�u���u����tz���pe�u��×%psvOÄ�}Gr�u��u�|ku��

jc(dF ) < 0
�

3π
4 ξ0 < dF <

7π
4 ξ0

�Ð |�to=psr q·t}�psz{p��¨u�z���pæ�k|O�RÓ ��ÕX�s|sps}yÑw�y�v]v�t |spsz��G� tk�	ÆZu�z{r�u��Î�r�� } ��u�w�y��|�tvsz{�ku�|k��vs�'� ú�rxz{�ky�|sp��¨y�vk�u�} p�q·�¨y�|��sy{��zØ� ��ps¿%Î t���z�u� � ��vku�y q�v�t��ky�vspky
�
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� psz�� �[�7t�Õ Ö t}�psz{p��¨u�z���Î rs|spk��ps�ky�z{r�u�� ����u���vku�z���p �u�r�t u�� �u��×%psvs�o,y�|s|ku���t~{vky{��psr�tkÄsz�u�~Ø��tz{vku	�k|O�OÓ ��Õý�� =t%}�z���t}�r�y=�s|sps}yÑw�y�v`�k��tz��u�r`q·t}�psz{p��¨u�z���p
|jc(dF )|

� �xÕ Ö t}�psz{p��¨u�z���ÎQt���z�u� � ��vku�~�ueq�v�t��ky�vsp��!rs|spk��ps�ky�z{r�u��!����u���vku�z���p!�u�r�tu��	�u��×%psvs�«o,y�|s|ku���t~{vky{��psr�tkÄ�z�u�~Ø��tz{vku+�k|O��Ó ��Õ�}+��u�~Ñt|spso+�5ps�ky�z{r�u��g��tz{¿	��t���y�� =tK}�z���t}�r�yQ�s|sps}yÑw�y�vku!z ��y���t���ps�ky�z{r�u�y��ku��ky�|ky��svku�yQz�y��ky�vspky
SFS

� r�u�vk��trk��tÊÓ �O����ß��Õý�

rs|spk��ps�ky�z{r�u��!����u���vku�z���p!�u�r�tkÄOú{��ters|sps}�t·�X���w�y{��p��¨y{��ÎQ}uq�}�|�t���vs�_�L��t|�trk�y�|OÄ��tr r�tr y{y u���|sps��t��y���Î�v�t·� }y{��}�Î ���w�y{� u���|�t·ä%y�v�t } �ku��u�ä�pk�y���Î�v�� ��ku�s�k����u�z{r�u�z���Î@Ó z��.��}�z���t}�r�� r |spsz��!� t�Õý�L¸ ��u�~ýt|spso+�5ps�ky�z{r�u�� ��tz{¿	�·t���yq·t}�psz{p��¨u�z���Î |jc(dF )|
p��¨y{y{� ��psvky��sv�� � u�~{pk��t � ×�� � Ä v�tr���u�v r�u��u�|ku��u��s|kyÑw�y��s�sy{��zØ�,w�y��sz���}�pk�y���Î�vku��=w���psvku��	r�u�~�y�|ky�vk��vku�z���p`Ó z��.��|spsz����¹�xÕý� � tz{z��u���vspky�¨y�äSw��!v����s���5p!rs|sps}u��OÄ;}Qr�u���u�|s�#�g�s|ku�psz ��u{w�pk�Lo,u�|���t·��Î�vku�yRp�q·�¨y�vky�vspkyYq�v�tr�trs|spk��ps�ky�z{r�u�� ����u���vku�z���p z{}y�|��k�u�rxtkÄYu��s|kyÑw�y��s�sy{��zØ� }y���ps�spsvku��

ξF2
�R =t·��ps�spky�y��5�ky�|�t����k|svku�� q·t}�psz{p��¨u�z���p

ξF2(T )
Ó z��.�8�k|O� Ó ��Õ ÕýÄÜt q�v�t��spk� p �ky�|spku�w�tu�z{�sp��s�s���sps�]��t|�t��¨y{��|�t �ku�|���w�r�t

λex(T )
Ä+�kuq�}u�s�sy{�·Ä+} �s|spsvs�sps�ky�Ä	�ky�|ky�}y�z���pr�u�vk��trk�R}

π
� z�u�z��u���vspky+������y�� p�q·�¨y�vky�vsp��e�y��5�ky�|�t����k|s�=�

7�ùn�®ù ��KMF	WVBTSIL_Z)B[HIPR� WI? L�@A�M��B[HILI�
π O KM?CHIPRQ�KMPR? J

SFS OPRLIWIQ�` ÆZy�|s}��.yõ��z{�ky�¿%vs�.y7ú�rxz{�ky�|sp��¨y�vk��� �ku u���v�t|��xä%y�vsp � π
� z�u�z��u���vsp��} w�ä%uq�y�o=z�u�vku�}�z{rspx� �ky�|kyÑ��u�w�t�� z{}y�|��s�s|ku�}u�w�vspsr � o,y�|s|ku���t~{vky{��psr �z{}y�|��s�s|ku�}u�w�vspsr ���'��p �s|ku�}yÑw�y�vs� } �������� ����k� ~{~â� } ��t���u�|�t��u�|spspz{}y�|��s�s|ku�}u�w�p��¨u�z���p � Í%à_à � �=  û�� üÔ� ¾ �'��u8u���v�t|��xä%y�vku�Ä.�k�uÝ�y��5�ky�|�t����k|sv�t·�q·t}�psz{p��¨u�z���Î�rs|spk��ps�ky�z{r�u�~�uQ��u�rxt1Ó

Ic
Õ
SFS

� r�u�vk��trk��u�}
Nb − Cu0.48Ni0.52 − Nbzç�k}y���ps�ky�vspky�� �u��×%psvs� z���tvku�}�pk��z � vky��¦u�vku���u�vsvku��OÄ�ti�s|sp

dF = 27
v��w�y��¨u�vsz���|sps|���y{�g}uq�}�|�t���vs�_�Ý��t|�trk�y�|O� à tr�u�y��ku�}yÑw�y�vspky���}��s�sy{��zØ�Ê�s|sp�q�v�tr�u��

0 − π
� �ky�|kyÑ��u�w�tkÄ8u�w�v�tr�u7u����tz���p ��� p

π
� z�u�z��u���vsp�� }õú{�u�� |�t���u��y�Ä �ku��}�pxw�p��¨u��¦��Ä����'��papxw�y�vk��pso=ps�sps|su�}�tvs� vky�}y�|svkuaÓ z��.��~Ø�)� � ÕýÄ��ku�z{r�u��Î�r���Ä�r�tr��xä%y�k�ku��5psv�t·��u�z{ÎsÄ'}!��u�w�yK��|�tvsz{�ku�|k��v��4� ú�rxz{�ky�|sp��¨y�vk�u�}Ývky�}uq·�¨u�ä�vkuÝu��s|kyÑw�y���pk��Îq�v�tr rs|spk��ps�ky�z{r�u�� ����u���vku�z���p �u�r�tk��ÆZuq�w�vky{y ���'��p0w�y{��t·��Î�vku psz{zÑ��yÑw�u�}�tvs�q·t}�psz{p��¨u�z���p

Ic(dF )
w��s�

SFS
� r�u�vk�·trk��u�}

Nb − Al/Al2O3 − Pd0.88Ni0.12 − Nb

a



Ó û ����ü Õ%p
Nb − Cu0.52Ni0.48 − Nb

Ó û ���·ü ÕS}a�xq�r�u�� u�rs|ky�z���vku�z���p
0 − π

�ky�|kyÑ��u�w�tk�Æ,|sp ú{�u�� }uq�vspsr���u zÑ��yÑw�� � ×	y{y«�s|ku���ps}u�|ky��spky �¨y�äSw��i�spku�vky�|sz{r�u��Á|�t���u��u��û�� üRp ��u��y{yÊ�kuq�w�vky�� |�t���u��u�� û ����üÔ�,�Zv�t·��p�qÊ�k|O��Ó ��ÕK�ku�r�t·q��_}�t�y{��Ä+�k�uç�ky�|spku�wu�z{�sp��s�s���sps� z{}y�|��s�s|ku�}u{w���×%y�~�u ��t|�t��¨y{��|�t �ku�|���w�r�t �k}y���ps�sps}�t�y{��zØ� zu�zÑ��t����y�vspky�� ��t~{vky{��p�q·��t
F
� zÑ��u��®�!ÆZu�ú{�u��¦� zÑ��yÑw�u�}�t·��uþu�ä�pxw�t���ÎsÄ!�k�u �s|sppsz{�ku��Î�q�u�}�tvspspç} û ����üY�¨y�vky{y8��t~{vspk��vku�~�u z{����t}�tçÓ zgz�u�w�y�|�äYtvspky��0vspsr�y��s�çl �t������GÕ

0 − π
�ky�|kyÑ��u{w ���w�y{� v�t��� � w�t���Î�zØ� �s|spÿ�u��×%psvky o,y�|s|ku���t~{vky{��psr�tkÄ��u��Î�¿	y��Q��m%v��.���Aw�v�tr�u�t}�u�|s� û ����ü®u���v�t|��xä�p���pQ}uq�}�|�t���v�� � �y��5�ky�|�t����k|sv�� �q·t}�psz{p��¨u�z���Î	rs|spk��ps�ky�z{r�u�~�u%�u�r�t%�s|sp`~�u�|�t·q�w�uS�¨y�vsÎ�¿	y��G�u��×%psvkyU�¨u�r�u��u���m+v��.�� t·q�|ky�¿	y�vspky ú{�u�~�u �s|ku���ps}u�|ky��sp�� ��}��s�k��u�z{Î u{w�vku��]p�q �ky���y��æú�rxz{�ky�|sp��¨y�vk�u�}sÄu��spsz�tvsvs�4��}G~Ø�)� � �

7�ùy�)ù ��Q�@A? J�? O ���%J�F	P�J�LIP�Bb�_�MHI��B �
KMF	WVBTSIL_Z)B[HIPR��` Þ+�s� �s|ku�}yÑw�y�vsp��o+t·q�u�}u�� ���k}�z���}�pk�y���Î�vs�4� ú�rxz{�ky�|sp��¨y�vk�u�} psz{�ku��Î�q{� � ��zØ� w�ä%uq�y�o=z�u�vku�}�z{rspkyz���|��krk���k|s�=Ä=z�u�w�y�|�äYt×%pky8u�w�psvæp���pævky�z{r�u��Î�r�u q·t��5rsv������4� z{}y�|��s�s|ku�}u{w���×%px�r�u�vk���k|ku�}s�¨Þ+�s�8u�w�vkuq�v�t��svku�z���p z{}y�|�s�s|ku�}u�w���×	y��8}u��vku�}u��ÝoZ�kvsrs�spspÜ}K�·trspx�z���|��krk���k|�t�� vky{u�����u�w�p��¨u�Ä �k�u���� }��_�ku��v��k��u�z{Î u��s|kyÑw�y���y�vsvku�y z�u�u���vku�¿	y�vspky�¨y�äSw�� ��t~{vspk��vs� � �ku��u�r�u��
Φ

p |�t·q�vku�z���Î � o+t·q7v�tîw�ä	uq�y�o=z�u�vku�}�z{rspx��ky�|kyÑ��u�w�t��O�x¸4r�� � �ky�vspkyUvky��ky{��vku�~�u	�spszÑ��t π � r�u�vk��trk�u�}%}+��tr�u��Rr�u�vk���k|`�s|sps}yÑw�y{�r p�q·�¨y�vky�vsp � y�~�u0�ku��y�}��4� ��t|�trk�y�|spsz���psrO�1 =t�s|sp��¨y�|OÄQq·t��¨y�v�t u{w�vku�~�uþp�qw�ä%uq�y�o=z�u�vku�}�z{rspx�î�ky�|kyÑ��u{w�u�} w�}����sr�u�vk��trk��vku�~�u@psvk�y�|so,y�|ku��¨y{��|�t û ��üÊv�t
π
�r�u�vk��trk� �s|sps}yÑw�y{� r7�ku�s�k�ky�|spku�w�ps�ky�z{r�u��¦�õz w�}�ps~Ñ�@q·t}�psz{p��¨u�z���p

Ic(H)
û a�üÔ�¸4�ky�|s}��.y �ku�w�u���vs�_�@z w�}�ps~ v�t��� � w�t·��zØ� v�t0��� r�u�vk��trk��vku�� psvk�y�|so,y�|ku��¨y{��|ky�Äz�u�z��u���}�¿	y�� p�qQw�}����Êz{}��kq·tvsvs�4� ���ky{y�rOÄ¹r�t·äSw�t·�«p�qKr�u��u�|s�4� z�u�w�y�|�äYt·��t!�ku �

SFS
� r�u�vk��trk��t

Nb − Cu0.46Ni0.54 − Nb
û ��m�üÔ� à u��×%psv�teo,y�|s|ku���t~{vky{��psr�te}evspx����'��t���tr�u�}�tkÄ��k�uSu�vsp`�ky�|kyÑ��u�w�p���p`}

π
� z�u�z��u���vspkyZ�s|sp�p�q·�¨y�vky�vspsp��y��5�ky�|�t����k|s�=Ä�s|sps�ky��0q·t}�psz{p��¨u�z���Î

Ic(H)
�s|sp ú{�u��þz w�}�ps~Ñt·��tz{Î v�tæ����� �ky�|spku�w�tk��ÆZuq�w�vky{y���'��u ú�rxz{�ky�|sp��¨y�vk��t·��Î�vku u���v�t|��xä	y�vku p�q·�¨y�vky�vspkyî�ku��y�}��#� ��t|�trk�y�|spsz���psru�w�vku�r�u�vk��trk��vs�'� û � � ü¨pew�}����sr�u�vk��trk��vs�4� û �ba·ü¨psvk�y�|so,y�|ku��¦y{��|ku�}sÄ�z�u�w�y�|�äYt}�¿%px�

π
� r�u�vk�·trk�·�à trsp�� u���|�t·q�u��.Ä+} �ky���u�� |���w�yÊú�rxz{�ky�|sp��¨y�vk�u�} v�t��� � w�t·��psz{Îçvky{u����_�svs�.y��}���y�vsp��®Ägz{}��kq·tvsvs�.yþz0�ky�|kyÑ��u�w�u��

SFS
� r�u�vk��trk��tõ}

π
� z�u�z��u���vspky��>�Aw�v�tr�uvky�z��¨u���|�� v�t w�u�z���ps~{v������.y ��z{�kyÑ�spOÄ vky�r�u��u�|s�.y }u��s|ku�z{� u�z���t}�t·��psz{Îvky�|ky�¿	y�vsvs� �5pO� Æ,|ky�äSw�y }�z�y�~�u�Ä �s|ku�}yÑw�y�vsvs�.y ú�rxz{�ky�|sp��¨y�vk��� vky w�t}�t·��p}uq·�¨u�ä�vku�z���p u��s|kyÑw�y���pk��Î q�v�tr �u�r�u�� o+t·q�u�}u�~�uçz�u�u���vku�¿	y�vsp��®Ä+�ku�ú{�u��¦� o+trk�

0 − π
�ky�|kyÑ��u�w�t8}8vspx� u��s|kyÑw�y��s�k��zØ� ��ps¿%ÎÝ�ku r�u�z{}y�vsvs� �Á�s|sp�q�v�trxt��.� Å |ku��¨y�u�~�u�ÄQ��u��Î�¿	u�� psvk�y�|ky�zi} �ku�zÑ��yÑw�vky{y }�|ky��¦� }��'q��_}�t�y{�0}u��s|ku�z]u0�s|ku��ky�z{z�yp�q·�¨y�vky�vsp�� q�v�tr�t �u�r�u�� o+t·q�u�}u�~�u z�u�u���vku�¿	y�vsp��

j(ϕ) SFS
� r�u�vk��trk�u�}s� ¸��tz���vku�z���pOÄ�} |�t���u���t�� û ���ü � û ���âüL���'��uÁ�s|kyÑw�z{r�t·q·tvku w�}��krs|�t���vku�yå�s�¨y�vsÎ�¿	y�vspky�ky�|spku�w�t q·t}�psz{p��¨u�z���p

j(ϕ)
�spsz��u�~�u

SFS
� r�u�vk��trk��t } u�rs|ky�z���vku�z���p

0 − π�ky�|kyÑ��u�w�tkÄY�k�u �¨u�ä%y{� ���.��Î u���v�t|��xä%y�vku]�ku]p�q·�¨y�vky�vsp � o,u�|��5� pÿ�ky�|spku{w�t�ku��y�}��4�8��t|�trk�y�|spsz���psr w�ä%uq�y�o=z�u�vku�}�z{rspx�Üpsvk�y�|so,y�|ku��¨y{��|ku�}s�.¸]w�pso=oZ�xq�vku���s|kyÑw�y���y �u�r�u�� o+t·q�u�}u�y z�u�u���vku�¿	y�vspky
SFS

� r�u�vk�·trk��u�}å��}��s�sy{��zØ�Á�s|�trk��ps�ky�z{rsp
���



z{psv���z�u�pxw�t·��Î�vs� �.Ä¦�uay�z���Îa}Kvky�� w�u��5psvsps|���y{�X�ky�|s}�t·�Ý~Ñt|��¨u�vspsrxt û ����üÔ� �Aw�v�tr�u} �u��sr�y
0 − π

�ky�|kyÑ��u�w�t y{y0t��5����pk����w�t@|�t}�v�t v��·� � Ägp } ú{�u�� zÑ�s�k��t�y}��_z{¿%pkyÁ~Ñt|��¨u�vspsrsp Ó } ��tz���vku�z���pOÄK}�u�|�t·��Õå�¨u�~Ñ��� ps~{|�t���Î0q·t��¨y{��v�� � |ku��Îû � � üÔ�`Â'}�pxw�y{�y���Î�z���}�t��5páw�u��5psvsps|ku�}�tvsp�� }�u�|ku�� ~Ñt|��¨u�vspsrsp } ��u�r�u�� o+t·q�u�}u��z�u�u���vku�¿	y�vspsp �¨u�~Ñ��� ���.��Î �ku���}���y�vspky �ku�s�k�ky����4� z����k�ky�vky�� *]t�sps|ku û �·l�üp �s�¨y�vsÎ�¿	y�vspky �ky�|spku�w�t �ku��y�}��4�î��t|�trk�y�|spsz���psr z�y{�u�r w�ä	uq�y�o=z�u�vku�}�z{rspx�r�u�vk��trk�u�}e}Ru�rs|ky�z���vku�z���p
0 − π �ky�|kyÑ��u�w�t û ����üÔ���Aw�v�tr�u�|ky�q{�·��Î���t����ç�kr�t·q·tvsvs�4�ú�rxz{�ky�|sp��¨y�vk�u�} vky{u�w�vkuq�v�t��svs� p w�u�����z{rxt � � |�t·q{��ps�svs�.y psvk�y�|s�s|ky{��t�spspO�ÆZu�ú{�u��¦� Ð ��t}�t@lõv�tz��u���×	y��îw�psz{z�y�|k��t�spsp �ku�z{}���×	y�v�t ��u��y{y w�y{��t·��Î�vku��¦�p�q{�k�ky�vsp � �s|ku��ky�z{z�tõp�q·�¨y�vky�vsp�� q�v�tr�tõ�u�r�u�� o+t·q�u�}u�~�u z�u�u���vku�¿	y�vsp��

SFS
�r�u�vk��trk�u�}s�

6�´5¢�¯�¢¡� Ó9�{Æ,|sps~�u��u�}���y�vspky u���|�t·q��ku�} p �¨y{�u{w�psrsp ú�rxz{�ky�|sp��¨y�vk��t��{Õz�u�w�y�|�ä�pk� u��spsz�tvspky ��yÑ�svku��u�~{psp �s|sps~�u��u�}���y�vsp�� u���|�t·q��ku�} p �¨y{�u�w�psrsp}��_z�u�r�u����k}�z���}�pk�y���Î�vs�4�Qp�q·�¨y�|ky�vsps��z=�ku��¨u�×%Î � Â Å ¸.�UÞ=� }u��Î����¨y{��|�tk�
�®ù;7 ¢�SILV]^?CPR? JC��B[HILVB £�¤¥£ O F[�
H XAJ�LI��B[N � ¸ w�tvsvku�� |�t���u��y ���'��ppsz{zÑ��yÑw�u�}�tvs� �5vku�~�u�zÑ��u��svs�.y �u�vsr�u�����y�vku��svs�.y w�ä%uq�y�o=z�u�vku�}�z{rspky z���|��krk���k|s�=Äp�q�~�u��u�}���y�vsvs�.yg} ��t���u�|�t��u�|spspçz{}y�|��s�s|ku�}u�w�p��¨u�z���på� Í%à_àõ� �= S�ZÆ,|ku��kyÑw��k|�tp�q�~�u��u�}���y�vsp�� w�ä	uq�y�o=z�u�vku�}�z{rspx�

SFS
� z�ú�vxw�}�ps�ky�� }�r�� � ��t·��t } z�y{���o,u�|��5ps|ku�}�tvspky vsp�ä�vky�~�u z{}y�|��s�s|ku�}u�w���×	y�~�u ú���y�rk��|ku�w�t u���|�t·q���t Ó

Nb
ÕýÄo,y�|s|ku���t~{vspk��vku�~�u zÑ��u�� Ó

CuNi
ÕýÄ zÑ��u�� p�q�u�s�s�u�|�t Ó

SiO
Õ p }y�|��svky�~�uz{}y�|��s�s|ku�}u�w���×	y�~�u ú���y�rk��|ku�w�t Ó

Nb
Õý�¦�,z�t·äSw�y�vspky �¨y{��t·�s��ps�ky�z{rspx� ����y�vku�r�s|ku�psz ��u�w�p���ug�s|sp �ku��¨u�×%pÊpku�vsvku�� ����t·q·�¨y�vsvku�~�ug|�tz{�s�'��y�vsp��®Ä#t!p�q�u��ps|�� � ×	y�~�uzÑ��u��a�=�ku�z{|kyÑw�z���}u�� �y�|��5ps�ky�z{r�u�~�uLpsz{��t|ky�vsp��®�®Þ+�s�go,u�|��5ps|ku�}�tvsp��8~�y{u��¨y{��|spspzÑ��u�y�}=psz{�ku��Î�q�u�}�t·��tz{Î=�s|����5t·��pG}�q�|s�_}�v�t·�QÓ;§y¨�©«ª �h¬®#Õ¦o,u��u��pk��u�~{|�to=pk�®�x¸8v�t���t·��yr�t·äSw�u�~�uç�ku�zÑ��yÑw�� � ×	y�~�u ú{�·t��t �s|ku�p�q�}u�w�p���tz{Î pku�vsv�t·� u��spsz���r�t �ku�}y�|��svku�z���p�s|kyÑw��4w��k×	y�~�u!zÑ��u��®�# Zy{u�w�vku�|ku�w�vku�z���ÎX�u��×%psvs� �¦y{��t·�s��ps�ky�z{rspx�Ê����y�vku�rÊ}·w�u��ÎzÑ��u�psz��u�� z���|��krk���k|s� z�u�z���t}��s�k��t@vky ��u��y{yõ� v��.� � t·q·�¨y�|

SFS
� r�u�vk��trk��tu��s|kyÑw�y��s�k��zØ� |�t·q·�¨y�|ku��õu�rsv�t } zÑ��u�y p�q�u�s�s�u�|�t Ó z��.�G}�z���t}�r��ÿr |spsz���� �xÕýÄr�u��u�|s�_�S}��.��ps|�t·��zØ�S�¨y�vsÎ�¿%p��ew�ä	uq�y�o=z�u�vku�}�z{r�u��+w���psvs�8�ky�|kyÑ��u�w�t

λJ
û ��üÔ� à trsp��u���|�t·q�u��K�s|ku��y�r�tvspkyAz{}y�|��s�s|ku�}u�w���×	y�~�uZ�u�r�t=�ky�|ky�q r�u�vk��trk�+���'��u+u{w�vku�|ku�w�vs� �.Ä�k�u w�t}�t·��u }uq·�¨u�ä�vku�z���Î }��_�spszÑ��pk��Î rs|spk��ps�ky�z{r�� � ����u���vku�z���Î �u�r�tk�aÞ+�s�psz{�ku��Î�q�u�}�tvsvs�4� } w�tvsvku�� |�t���u��y

SFS
� r�u�vk��trk�u�}

Nb − Cu0.47Ni0.53 − Nbú{�u�uq�v�t���t·��u�Ä��k�ue�ky�|kyÑ��u�w��åz	�u��×%psvku��Ko,y�|s|ku���t~{vky{��psr�t��¨y�vky{y`���Rv��«p��¨y���p|�t·q·�¨y�|
10 × 10

�5r�� 2 Ä,�u�~ w�t r�tr u�z���t·��Î�vs�.yÊp��¨y���p |�t·q·�¨y�| 50 × 50
�5r�� 2 �Þ+�s�Ü�ku{w�r�� � �ky�vsp�� rÝ�u�r�u�}�� � pÜ�ku��y�vs�sp�t·��Î�vs� �]}�}u�w�t��åú�rxz{�ky�|sp��¨y�vk��t·��Î�vku����z���tvku�}�rsp�r�t·äSw��_��u���|�t·q�y��Gz�u{w�y�|�äYt·�R��u��Î�¿%pky	Ó |�t·q·�¨y�|ku��Lw�u+l%���¹Õ¨vspku���pky�}��.yr�u�vk��trk��vs�.yL����u�×St�w�rspOÄ5�ku�rs|s�.���.yLpsvxw�pky��ÿÓ

In
Õ%z��ku��¨u�×%Î � �·��Î���|�t·q�}��kr�u�}u�~�u��t·�k��Î�vspsr�tk� ¸ ��u�w�y7ú{�u�� �s|ku��kyÑw��k|s� |�t·q�|��k¿St·��psz{Î �s|��k�srspkyîu�rspszÑ��� v�t�ku�}y�|��svku�z���p

Nb
Ä'u���y�z{�ky��sps}�t·� ��u�|ku�¿%ps� ú���y�rs|sps�ky�z{rsps� r�u�vk��trk�«�¨y�äSw��

In
p

Nb
Äk��trQ�k�uRr�u�vk��trk��vku�y%z�u��s|ku���ps}���y�vspky�vky��s|ky�}��_¿St·��u

10−7 �=�.�
�®ùn� ¯°@
Z)BTSILIP�Bb�_�MHI��B Z)B[PR?�XYLIKML±` �,z{zÑ��yÑw�u�}�tvsp�� ��t|�trk�y�|spsz���psru���|�t·q��ku�} �s|ku�p�q�}u{w�p���psz{Î �s|sp �ku��¨u�×%p Â Å ¸.�UÞ=� }u��Î����¨y{��|�t z

���



���k}�z���}�pk�y���Î�vku�z���Î � w�u
10−13 ¸UÄ`r�t·��pk��|ku�}�rxtÁr�u��u�|ku�~�uÁu�zÑ�k×	y�z���}��s�k��tz{Îi�ku�ku��u�ä%y�vsp � z����k�ky�vky���*]t�sps|ku û ��·üÔ�OÆ,|spKvsp�q�r�u��y��5�ky�|�t����k|svs�4�aú�rxz{�ky�|sp��¨y�vk��t��Ó

T < 4.2 K
ÕS�y��5�ky�|�t����k|�t1u���|�t·q���t!p�q·�¨y�v��k��tz{Î!�ku�z{|kyÑw�z���}u�� u���r�t��srsp ��t|ku�}~�y���p��7p7z���t���p���p�q�ps|ku�}�t·��tz{Î �s|spî�ku��¨u�×%pî�¨u�vku�z���t���t²*]t|s}�psv�t û ��m�üÔ�LÞ+�s�|�t���u����]}�u����tz���pa�y��5�ky�|�t����k|!}��_¿	yYl��ã� Å psz{�ku��Î�q�u�}�t·��tz{Îe}�tr��x�s�5ps|ku�}�tvsv�t·�}�z���t}�r�tkÄ�}ÿr�u��u�|ku�� �y��5�ky�|�t����k|�tÿp�q·�¨y�v��k��tz{Îáv�t~{|ky�}�t��y���y�� p p�q·�¨y�|��k��tz{Î�y�|��¨u��¨y{��|ku��.��ÏQt~{vspk��vku�y��ku��y+}·w�u��ÎSu�z{pers|spku�z���t���tGz�uq�w�t}�t·��u�z{ÎS�s|sp��ku��¨u�×%pz{}y�|��s�s|ku�}u�w���×	y�~�uÜz�u��y�vku�pxw�tkÄUtÜ}Ê�ku��ky�|ky��svs�4� v�t�s|�t}���y�vsp���� n z1�ku��¨u�×%Î �r�t����k¿	y�r w�p�t��¨y{��|ku�� � �â��� ���.Ä |�tz{�ku��u�ä	y�vsvs�4� v�t w�y�|�äYt��y���y u���|�t·q���tk�Þ+�s� ú�rs|�tvsps|ku�}�rsp p«z���t���p���p�q·t�spsp }�vky�¿%vspx� ��t~{vspk��vs�4� �ku��y��«�s|sp��¨y�v��k��psz{Î�ky�|���t·�s��u�y�}��.y.p%z{}y�|��s�s|ku�}u�w���×%pky4ú�rs|�tvs�=Ä�k�u=�kuq�}u�s�k��u,�ku�s�k�spk��Î=}Z|�t���u��ky��u��[³®y��¨y ��t~{vspk��vs�_�ÿ}�tr��x�s� �ku�|���w�r�t

10−3 Ð z��G¸4z�y«p�q·�¨y�|ky�vsp��Á�s|ku�}u�w�p���psz{Î} t}�u���t���ps�ky�z{r�u�� |ky�ä�p��¨yÜ�ky�|ky�qÜpsvk�y�|so,y��szµ´G¶¸·º¹ Óp´¥»b¼C»b½9¾®§�¶V¿ ½uÀ�¬	Áu»Â·p¼[ª�»b½ �
©l¾ è »¡¹Ã¿ ÁâÕý�UÆ,|ku�~{|�t����5� w��s�ç�s|ku�}yÑw�y�vsp��çp�q·�¨y�|ky�vsps� ���'��pçv�t�spsz�tvs� }Êz{|kyÑw�y}�p�q{�xt·��Î�vku�~�uG�s|ku�~{|�t����5ps|ku�}�tvsp��ÅÄ�¾®Æ	ÇC¨�»�È��ÇÉ6�´5¢�¯�³Å� Ó9�{�,z{zÑ��yÑw�u�}�tvspky w�ä	uq�y�o=z�u�vku�}�z{rspx� ��t|�trk�y�|spsz���psr Ê ËIÊ��r�u�vk��trk�u�}��{Õ u��spsz�tvs� ú�rxz{�ky�|sp��¨y�vk���ç�ku`p�q{�k�ky�vsp � q·t}�psz{p��¨u�z���p�z{}u��sz���} SFS �r�u�vk��trk�u�}�u��Y�u��×%psvs�çpQ��t~{vky{��p�q·��tSo,y�|s|ku���t~{vky{��psr�tQÓ ûgf �ÑüÔÄ ûgf�� ü Õý�

�)ù;7 ��KMF	WVBTSIL_Z)B[HIPRQ �_�MHI? B LIF	F���B
XY? J�Q�HILVB
SFS O KM?CHIPRQ�KMPR? J

Nb −
Cu0.47Ni0.53 − Nb

FÂS%Q�@AHI?CNÌPR?®�_Í�LIHI?CNÌD&BTS�SI?®Z\Q�]^HILIPRHI?CNÌW�SI?CF���? NIKML±`Ö t}�psz{p��¨u�z���pXrs|spk��ps�ky�z{r�u�~�uQ�u�r�t��ky�|kyÑ��u�w�u�}�u�����t~{vspk��vku�~�u��ku�s�ÊÓ z��.�O}�z���t}�r��r«|spsz��'�gt�ÕGz���u��Î�¿	u��Ê�u��svku�z���Î � �ku�w��spsv��k��psz{Î8z�u�u���vku�¿	y�vsp � Í |�t{�kvs~�u�o,y�|�tÓ �ku�r�t·q·tvku���psvspky���ÕýÄO�k�u�~�u�}u�|sp���ueuR��u�|ku�¿	y��Lu�w�vku�|ku�w�vku�z���pXo,y�|s|ku���t~{vspk��vku�~�uzÑ��u��î�ku �u��×%psvky pîz�u�z���t}���Ä!tþ��tr�ä	y0u�� u���zÑ����z���}�psp ��trs|ku�z{r�u��sps�ky�z{r�u��v�t���t~{vsps�ky�vsvku�z���pOÄ q·tv��·�s� � ×	y��szØ�Kq·tez{�ky{����z{|kyÑw�vky�vsp��!�ku��y��!�¨y���r�u�w�u��¦y�vsvsvku��o,y�|s|ku���t~{vspk��vku�� z���|��krk���k|��=� ¸#u��Î��·��t��5�ky�|svs�.y ��t|�trk�y�|spsz���psrsp r�u�vk��trk�u�}��u�|ku�¿	uGu��spsz{�_}�t·��psz{ÎGo,u�|��¦�·��u��
V = R

√
I2 − I2

c

Ó z��.��}�z���t}�r���rQ|spsz����Yt�ÕýÄ��k�u�kuq�}u�s�k��uLu��s|kyÑw�y��s�s��ÎKz�u��s|ku���ps}���y�vspkye�ky�|kyÑ��u�w�t
R
Ä¦psz{�ku��Î�q{���gy�~�uK}Lr�t��ky�z���}y�ku�w�~�u�vku��svku�~�u ��t|�t��¨y{��|�tæ�s|spÿt�s�s|ku�r�z{p���t�spspáú�r�z{�ky�|sp��¨y�vk��t·��Î�vs�4�árs|sps}��4�O�ÆZu�s�k�ky�vsv�t·� ��trsp�� u���|�t·q�u��áq·t}�psz{p��¨u�z���Î

R(dF )
Ó z��.�A|spsz��,�Üt�ÕQ�¨u�~Ø��t ���.��Îu��spsz�tv�tao,u�|��¦�·��u��

R = 2RB + ρFdF/S,
~ w�y

ρF ≈ 62 µΩ · cm �	�ku��ky�|ky��svku�y��w�y���Î�vku�y1z�u��s|ku���ps}���y�vspky
F
� zÑ��u��®Ä t

RB
��z�u��s|ku���ps}���y�vspky

SF
� ~{|�tvsps� Ó

RB ≈
30 µΩ

w��s�Q�ky�|kyÑ��u�w�u�}Yz+����u�×St�w�Î � S = 10× 10
�5r�� 2 Õý��(4��p�w�tvsvs�.y��kuq�}u��p���pu��ky�vspk��Î«w���psv�� z{}u���u�w�vku�~�u �s|ku���y�~Ñt«ú���y�rk��|ku�vku�} } o,y�|s|ku���t~{vky{��psr�y

l ≈ 1v��.Ä=r�u�ú�o=o=ps�spky�vk� w�pso=oZ�xq�psp ú���y�rk��|ku�vku�}
DF ≈ 5.2 è � 2 � è pç��t|�trk�y�|svs�_��s|ku�z���|�tvsz���}y�vsvs�_�å��tz{¿	��t��Ê}ÊoZy�|s|ku���t~{vky{��psr�y

ξ∗ =
√
h̄DF/2πkTc ≈ 9.4v��.�Æ,|kuq�|�t��svku�z���Î

SF
� ~{|�tvsps�+��t|�trk�y�|sp�q{��y{��z �S��t|�t��¨y{��|ku��

γB = (RBS/ρF ξ
∗)
Är�u��u�|s�_�«}1v�t¿	y��]zÑ�s�k��t�yL|�t}y�v �k�ã����� à trsp��]u���|�t·q�u��.Ä¹psz{zÑ��yÑw�u�}�tvsvs�.y

SFS
�r�u�vk��trk���åv�t���u�w�p���psz{Î�}Sw�pso=oZ�xq�vku��Ê�s|kyÑw�y���y�pQp��¨y���p���u�|ku�¿�� � �s|kuq�|�t��svku�z���Î

SF
� ~{|�tvsps�O�Ö t}�psz{p��¨u�z���Î rs|spk��ps�ky�z{r�u�� ����u���vku�z���p ��u�rxt
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� r�u�vk��trk��t u�� �u��×%psvs�o,y�|s|ku���t~{vky{��psr�tkÄOvku�|��5ps|ku�}�tvsv�t·�!v�t�|�t·q·�¨y�|a�ky�|kyÑ��u�w�t
10 × 10

�5r�� 2 �)Æ,|�����t·���psvsp��1�s|kyÑw�z���t}��s�sy{��z�u���u��K��psvky��sv�� � ú�rxz���|�t�ku�s���sp � r
dF = 0

�¦ =te}�z��·t}�r�t���ku�r�t·q·tvs� ��ps�sps�svs�.y`}u��Î��·��t��5�ky�|sv�t·�!pX�ku��y�}�t·�L��t|�trk�y�|spsz���psrsp1u���|�t·q��ku�}s� �xÕÖ t}�psz{p��¨u�z���Îærs|spk��ps�ky�z{r�u��á����u���vku�z���pá�u�r�tæ�ky�|kyÑ��u�w�u�}
Nb − Cu0.47Ni0.53 −

Nb
u�� �u��×%psvs�

F
� zÑ��u�� �s|sp �y��5�ky�|�t����k|ky l��ã� Å � Å |��xä�r�t��5p �ku�rxt·q·tvs�ú�rxz{�ky�|sp��¨y�vk��t·��Î�vs�.yY|ky�q{�·��Î���t����=ÄOz{����u�¿%v�t·�apK���kvsrk��ps|sv�t·�K��psvspspX�ku�r�t·q��_}�t � �|ky�q{�·��Î��·t���� �¨u�w�y���Î�vs�4�Ý|�tz{�ky{�u�}X�kuK�k|O�_Ó ��Õ%pg�k|O� Ó ��Õ	z�u�u���}y{��z���}y�vsvkuÊÓ z��.�5�O�

� � � Õý�

Cu0.47Ni0.53 −Nb
u����u��×%psvs�

F
� zÑ��u��Q�s|sps}yÑw�y�v�tGv�tG|spsz����%����Æ,|spQp�q·�¨y�vky�vspsp�u��×%psvs� u��8a8v�� w�u ��m8v��

jc
�s�¨y�vsÎ�¿St�y{��zØ� �ku��k��p v�tÝ�Ý�ku�|���w�r�u�}sÄ.�s|sps�ky��} u�rs|ky�z���vku�z���páw�}���� Ó��Ñrs|spk��ps�ky�z{rspx���{Õ8q�v�t��ky�vsps�ÿ�u��×%psvs� o,y�|s|ku���t~{vky{��psr�t

d
(1)
c ≈ 11

v��7p
d

(2)
c ≈ 23

v��õv�t��� � w�t � ��zØ�á�xq�rspky �5psvsp��¦�s�5�=�RÂ'|kyÑw�vsps�v�tr���u�vGu�~{pk��t � ×	y��%q·t}�psz��¨u�z���p lg jc(dF ) u��s|kyÑw�y��s�sy{��zØ�%w�y��sz���}�pk�y���Î�vku��Yw���psvku��r�u�~�y�|ky�vk��vku�z���p
ξF1
Äe�u�~ w�tár�tr �5vsp���t·� w���psv�t

ξF2
u��s|kyÑw�y��s�sy{�ÿ|�tz{z��u���vspky�¨y�äSw�� v��·�s���5p

jc(dF )
Ä�r�u��u�|ku�y �s|spk���p�q�pk�y���Î�vku |�t}�vku �ku��u�}�psvky �ky�|spku{w�t�s|ku�z���|�tvsz���}y�vsvs�4� u�z{�sp��s�s���sps� z{}y�|��s�s|ku�}u�w���×	y�~�u ��t|�t��¨y{��|�t �ku�|���w�rxtÓ

λex/2 = πξF2
Õý�¸�,�ky�vsrspOÄ5�s|ku�}yÑw�y�vsvs�.y�|�t·q{��ps�svs� �5pÜz{�ku�z�u���t��5pOÄ¨�ku�r�t·q��_}�t � ��Ä�k�u	}y���ps�spsvs�
ξF1

p
ξF2

w��s��o,y�|s|ku���t~{vspk��vku�~�u%z{����t}�t
Cu0.47Ni0.53

z�u�z���t}��s� � ���� � v�� p � �ã�Sv�� z�u�u���}y{��z���}y�vsvku�Äs�u�y�z���ÎYu�����ps��t � ��zØ���s|sp��¨y�|svkuR}���� m%|�t·q·tk�Þ+�s�1}�z�yÑ�Xu���|�t·q��ku�}Q���4��tQ��tr�ä	yepsz{zÑ��yÑw�u�}�tv�te�y��5�ky�|�t����k|sv�t·�1q·t}�psz{p��¨u�z���Îrs|spk��ps�ky�z{r�u�~�uL�u�r�tgÓ |spsz�� � ÕýÄ)p1��trsp�� u���|�t·q�u�� �ku�s�k�ky�vkuLu���¿%ps|svku�y`z�y��¨y��sz���}u�y��5�ky�|�t����k|svs�4� rs|sps}��#�
jc(dF , T )

�4Þ+�s� ��u��Î�¿%psvsz���}�t8u���|�t·q��ku�}Ýrs|spk��ps�ky�z{rsps��u�r��¨u�vku��u�vsvkuY}uq�|�tz���t·��zZ�ku�vsp�ä%y�vspky��8�y��5�ky�|�t����k|s�=���Aw�v�tr�uS�s|sp��u��×%psv�t��
F
� zÑ��u��®Äs���p�q�rspx�QrQu�w�vku��¦��p�q%rs|spk��ps�ky�z{rspx�Qq�v�t��ky�vsps�

d
(1,2)
c

Äsq·t}�psz{p��¨u�z���Î
jc(T )p��¨y���tRvky��¨u�vku��u�vsvs�_�OÄ tYw��s�K|���w�t��u��×%psvatvku���t·��Î�vs�_�L}uq�}�|�t���vs�_�Q��t|�trk�y�|

è ��}�vs� � u���|�t×	y�vspky�� }y���ps�spsvs� jc
}evku��ÎQ�s|sp

T = T
(1,2)
π

��(4�u��ku�w���}y�|�äSw�t�y{�w�tvsvs�.y�ÄU�ku�s�k�ky�vsvs�.yÝp�q rs|sps}u��
Ic(dF )

ÄAu�� p�q·�¦y�vky�vspspçu�z{vku�}�vku�~�u z�u�z��u���vsp��
SFS

� r�u�vk��trk��tS�s|sp`ú{��px�`�u��×%psv�t��O� à y��5�ky�|�t����k|s�
0− π �ky�|kyÑ��u�w�u�} T (1,2)
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SFS

� r�u�vk��trk�u�}X�s|sp|�t·q�vku�� �u��×%psvky
F
� zÑ��u��®�'ÆU�kvsrk��ps|ku��Á�ku�r�t·q·tvs� |ky�q{����Î���t����þ|�tz{�ky{�u�}8�kug�k|O�Ó ��Õ,Ó z��.���O� � � � Õý�

q·t}�pszØ�s�Uu��Z�u��×Spsvs�
F
� zÑ��u��S}Zu�rs|ky�z���vku�z���pSr�t·äSw�u�~�u=p�q rs|spk��ps�ky�z{rspx�%q�v�t��ky�vsps���p�q·�¨y�vky�vspky

dF
v�te�ý� �%v�� }yÑw�y{��r�p�q·�¨y�vky�vsp � T

(1,2)
π

u��Q�Zw�u/a�ûY�
�Aw�vsp�� p�q }�t·ä�vky��s¿%px� r�t��ky�z���}y�vsvs�4� |ky�q{����Î���t��u�}îv�tz��u���×	y�� |�t���u������}��s�sy{��zØ� u���v�t|��xä	y�vspkyiz{|�t·q{� w�}���� v�����y�� oZ�kvsrs�spsp

jc(dF )
Ä��k�u0v�t~Ø�s��w�vkuw�y��¨u�vsz���|sps|���y{� u�z{�sp��s�s���spsp z{}y�|��s�s|ku�}u{w���×%y�� }u��vku�}u�� oZ�kvsrs�spsp }o,y�|s|ku���t~{vspk��vku�� zÑ��u�y��ýü |ku�z��u��

dF
�s|sp �u��×%psvky

d
(1)
c
q�v�tr �u�r�u�� o+t·q�u�}u�~�uz�u�u���vku�¿	y�vsp��X�¨y�v��sy{��z �KzS�ku��u�ä�pk��y���Î�vku�~�u�v�tRu���|sps��t��y���Î�vs�_�OÄ)tR�s|spK�u��×%psvky

d
(2)
c

�s|ku�psz ��u{w�pk� u���|�t���vku�y p�q·�¨y�vky�vspky�� à trsp�� u���|�t·q�u�� }7w�tvsvku�� |�t���u��yv�t��� � w�t·��zØ� �ku��vs�_� �ky�|spku�wåp�q·�¨y�vky�vsp�� z{}u��sz���} SFS � r�u�vk��trk��tÊza�u��×%psvku��o,y�|s|ku���t~{vky{��psr�tk��ÏQtrxz{p���t·��Î�v�t·��rs|spk��ps�ky�z{r�t·�e����u���vku�z���ÎS�u�rxt%p�q�~�u��u�}���y�vsvs�4�} w�tvsvku�� |�t���u��y
π
� r�u�vk��trk�u�} w�u�z���ps~Ñt�y{� q�v�t��ky�vsp��®Ä!�s|ky�}��_¿St � ×	y�~�uõ������

f ��z�� 2 ÄA�k�uÊw�y���t�y{� }uq·�¨u�ä�vs�_� px�ç�s|�trk��ps�ky�z{r�u�y8psz{�ku��Î�q�u�}�tvspkyg}Êr�t��ky�z���}ypsvs}y�|k�u�|ku�}�o+t·q�� }Yú���y��¨y�vk��t��`w�ä	uq�y�o=z�u�vku�}�z{r�u��eú���y�rk��|ku�vspsrspO��Uq{�k�ky�vspkyQz�y��¨y��sz���}�tars|sps}��4�
Ic(dF , T )

��tr�ä%yQw�t·��u1}uq·�¨u�ä�vku�z���Î!u��ky�vspk��Î�y��5�ky�|�t����k|svku�ySp�q·�¨y�vky�vspky+w���psvLr�u�~�y�|ky�vk��vku�z���pO���,�ky�vsrsp��ku�r�t·q��_}�t � �·Ä��k�u��s|spp�q·�¨y�vky�vspsp �y��5�ky�|�t����k|s�0u��Ê�ew�u¡a Å ú{��pÝw���psvs�0p�q·�¨y�v�� � ��zØ�Êvky���u��y{y�Ä��ky��v�t �k�ã�gv��.� à trsp��áu���|�t·q�u��.Ä'�s|ku�w�y��¨u�vsz���|sps|ku�}�tvsvku�y1}��_¿	yXz{p���Î�vku�y!|�t·q{��ps�spky}y���ps�spsv
ξF1

p
ξF2

vky'�¨u�ä	y{�U���.��ÎAu��[³O��z{vky�vku.w�y��sz���}�pky����u��Î�r�uZ�y��5�ky�|�t����k|svku�~�u|�tz{��t|sps}�t � ×	y�~�u=o+trk�u�|�tkÄ�}�}yÑw�y�vsvku�~�u=}Z�k|O��Ó ��Õý�
�Z��zÑ�xäSw�y�vspky_ú{�u�~�u=|ky�q{�·��Î���t���t��}��s�k��u�z{Î �ky���Î � r�u��ps�ky�z���}y�vsvku�~�u tv�t·��p�q·t �s|spi�ku��¨u�×%pÁ�5psrs|ku�z{r�u��sps�ky�z{r�u���y{u�|spsp1Ó z��.�s�O� � � � Õý�
�)ùn��þÅQ�ÿ[����XAB[HILVB�P�BbZ�W B:S%Q�PR�
SIHI? ]^?
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F	?CF	PRQ�J�Q�U D&BTS�SI?[Z\Q�]^HVB[PRLIKMQ�` ¸ |�t���u��y ���'��p psz{zÑ��yÑw�u�}�tvs� ��zÑ��u�}�p��v�t��� � w�y�vsp��Q�y��5�ky�|�t����k|svs�4� 0− π �ky�|kyÑ��u{w�u�}Gv�t	w�ä%uq�y�o=z�u�vku�}�z{rspx�Qr�u�vk��trk��t��
Nb − Cu1−xNix − Nb

�s|sp |�t·q�vku�� z�u�z���t}y o,y�|s|ku���t~{vspk��vku�~�uæz{����t}�t
x =

0.53, 0.57
� � tvky{ye}uq�}�|�t���v�t·�Ý�y��5�ky�|�t����k|sv�t·�Ýq·t}�psz{p��¨u�z���ÎKrs|spk��ps�ky�z{r�u�~�uX�u�rxtv�t��� � w�t·��tz{Î ��tr�ä%yçw��s� x = 0.52

û�� üap
x = 0.48

û ����üÔ�eÆZu�s�k�ky�vsvs�.yå}w�tvsvku��æw�psz{z�y�|k�·t�spsp]|ky�q{�·��Î��·t���� �kuq�}u��p���p z{psz��y���t���p�q�ps|ku�}�t���Î |ky�q{�·��Î���t����|�t·q{��ps�svs�4�0ú�rxz{�ky�|sp��¨y�vk�u�}i�kuáv�t��� � w�y�vsp � u�z{�sp��s�s���sps� z{}y�|��s�s|ku�}u�w���×	y�~�u��t|�t��¨y{��|�tG�ku�|���w�r�tG}Yo,y�|s|ku���t~{vky{��psr�y��Å trÊ�xä%yK�k�ku��5psv�t·��u�z{ÎÝ}8�O�,���ã� Ó z��.�4��tr�ä%ya�k|O�,Ó ��Õ ÕýÄ.�ky�|spku�w u�z{�sp��s�s���sps�z{}y�|��s�s|ku�}u�w���×	y�~�u ��t|�t��¨y{��|�t �ku�|���w�r�t �k}y���ps�sps}�t�y{��zØ� z u�zÑ��t����y�vspky����t~{vky{��p�q·��t
F
� zÑ��u��®� à tr	w��s�

x = 0.57
}uq�}�|�t���v�t·�S�y��5�ky�|�t����k|sv�t·�Yq·t}�psz{p��¨u�z���Îrs|spk��ps�ky�z{r�u�~�u��u�r�tev�t��� � w�t·��tz{Îe�s|spa�u��×%psvky�o,y�|s|ku���t~{vky{��psr�t�u�r�u��uX���`v��.Äw��s�

x = 0.53
�Y�s|sp �u��×%psvkyLu�r�u��u � � v��.Ä'taw��s�

x = 0.52
�Y�s|spÊ�u��×%psvkyu�r�u��uÁ��m v�� û�� üÔ�`¸'t·ä�vku u����¨y{��pk��ÎsÄ`�k�u ú{��páw�tvsvs�.yç���'��p �ku�s�k�ky�vs� �s|sppsz{zÑ��yÑw�u�}�tvspsp

SFS
� r�u�vk��trk�u�}sÄap�q�~�u��u�}���y�vsvs�4�õ�ku u�w�psv�tr�u�}u�� �yÑ�svku��u�~{pspÓ z��.���O�s���ß��ÕÑÄx�s|sps�ky��g�u��×Spsv�t%o,y�|s|ku���t~{vspk��vku�~�uGzÑ��u��`���'��t	���p�q�rxt%r�u J�PR?^SI?CNrs|spk��ps�ky�z{r�u����u��×%psvky
d

(2)
c
w��s�Qr�t·äSw�u�~�u

x
�ÆZu�s�k�ky�vsvs�.yL}g�O� � �ß��|ky�q{�·��Î���t����þ�kuq�}u�s� � �gz{v��s��Îg�s|ku���ps}u�|ky��spkyX�¨y�äSw��|ky�q{�·��Î��·t���t��5p ú�rxz{�ky�|sp��¨y�vk�u�} û�� ü�p û ����üÔÄ,u����¨y��ky�vsvku�yÊ} �O�G���ã����Æ,|sps�spsv�t y�~�u}uq�vspsrsvku�}y�vsp�� z�u�z��u�pk�@} �u��.Äg�k�u �ky�|s}u�y psz{zÑ��yÑw�u�}�tvspky �s|ku�}u�w�p���u�z{Î }u�rs|ky�z���vku�z���p }�u�|ku��0rs|spk��ps�ky�z{r�u��0�u��×%psvs�

d
(2)
c

Ó
π − 0

�ky�|kyÑ��u�w�t]v�t |spsz��� �xÕýÄ+t }�u�|ku�yÝ��} u�rs|ky�z���vku�z���p]�ky�|s}u�� rs|spk��ps�ky�z{r�u�� �u��×%psvs�
d

(1)
c

Ó
0 − π�ky�|kyÑ��u�w�t�Õý��Þ�y��sz���}�pk�y���Î�vku�Ä��ky�|s}�t·�`rs|spk��ps�ky�z{r�t·�`�u��×%psv�t+w��s���ky�|kyÑ��u�w�u�}
Nb−

Cu0.48Ni0.52 − Nb
w�u�sä�v�tK���.��ÎX�s|sp��¨y�|svkuX}·w�}u�y��¨y�vsÎ�¿	y�Ä¦�ky��

d
(2)
c ≈ 27

v��.�à trOÄ��s|spYpsz{�ku��Î�q�u�}�tvspspYvky��5vku�~�u,��u��y{y_z{p���Î�vku�~�u=o,y�|s|ku���t~{vky{��psr�t
Cu0.47Ni0.53u�v�t�|�t}�v�t

d
(1)
c ≈ 11

v��.Ä¦pg�s|sp8�ku�vsp�ä	y�vspspÝz�u�w�y�|�äYtvsp��8vspsr�y��s�!w�u
x = 0.48

Ä}y���ps�spsv�t
d

(1)
c
�¨u�~ ��t �u��Î�r�u«}uq�|�tz���pO�ý(4�u«p v�t��� � w�t·��u�z{ÎÊ}Ê|�t���u��y û ����üÔÄ }r�u��u�|ku��

0−π �ky�|kyÑ��u�w����'��u���v�t|��xä%y�v��s|spY�u��×%psvkyUo,y�|s|ku���t~{vky{��psrxt=u�r�u��u���mv��.� à trsp�� u���|�t·q�u�� }�z�y%ú�rxz{�ky�|sp��¨y�vk���æ�kuev�t��� � w�y�vsp � �y��5�ky�|�t����k|svku�~�u
0 − π�ky�|kyÑ��u�w�tQ}
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Nb − Cu1−xNix − Nb
Ä¦�s|ku�}yÑw�y�vsvs�.y��s|spg|�t·q�vs�4�
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Äe���p�q�rspx� r �k�ã��Äez{}�pxw�y{�y���Î�z���}�� � �ÿu��á�s�¨y�vsÎ�¿	y�vspsp �ky�|spku�w�tÁu�z{�sp��s�s���sps�z{}y�|��s�s|ku�}u�w���×	y�~�uY��t|�t��¨y{��|�tY�ku�|���w�r�tYz,��z{p���y�vspky�� ��t~{vky{��p�q·��t

F
� zÑ��u��®�ÆZu�z{r�u��Î�r��

SFS
� z�ú�vxw�}�ps�sp

Nb − Cu0.43Ni0.57 − Nb
p�q�~�u���t}���ps}�t·��psz{Îáz�ku��¨u�×%Î � �yÑ�	ä	y'�yÑ�svku��u�~{ps�ky�z{rspx�S�¨y{�u�w�u�}sÄ��k�u,p+w�}����xzÑ��u��svs�.y SF � z���|��krk���k|s�

Nb − Cu0.43Ni0.57
Ä�psz{�ku��Î�q�u�}�tvsvs�.y+w��s�Lp�q{�k�ky�vsp��Lvky��¨u�vku��u�vsvku��Qq·t}�psz{p��¨u�z���prs|spk��ps�ky�z{r�u�� �y��5�ky�|�t����k|s�

Tc
u�� �u��×%psvs�

F
� zÑ��u�� } ûgf �ÑüÔÄZ���'��u }uq·�¨u�äGvkur�u��ps�ky�z���}y�vsvku�y1z{|�t}�vky�vspky!}y���ps�spsv �ky�|spku�w�t �s|ku�z���|�tvsz���}y�vsvs�4� u�z{�sp��s�s���sps���t|�t��¨y{��|�tg�ku�|���w�r�tkÄ4p�q�}���y��ky�vsvs�4� p�q�w�}���� |�t·q{��ps�svs�4�«��ps�ku�}gú�rxz{�ky�|sp��¨y�vk�u�}v�t

SF
� z���|��krk���k|�t��O�®Ï�psvsp��¦�s�Üv�t�rs|sps}u��

Tc(dF )
w��s�Q��pszÑ��u�y�}Gv�t��� � w�t·��zØ���s|sp�u��×%psvkyYo,y�|s|ku���t~{vky{��psr�tkÄ����p�q�r�u��LrX��v��.Ä�r�u��u�|�t·��w�u�sä�v�t�z�u�u���}y{��z���}u�}�t���Î�ky{��}y�|k��pX�ky�|spku{w�t`u�z{�sp��s�s���sps�Kz{}y�|��s�s|ku�}u�w���×	y�~�u`��t|�t��¨y{��|�t��ku�|���w�r�tk� à trsp��

���



u���|�t·q�u��.ÄOu��ky�vsr�tQ�5vsp��¨u��aw���psvs� r�u�~�y�|ky�vk��vku�z���paw�t�y{�
ξF2 = 3.2

v��.�¦Âçw�|��k~�u��z��u�|ku�vs�=Äx�y��5�ky�|�t����k|svs�_�
0−π � �ky�|kyÑ��u�we} SFS � r�u�vk��trk��t�� Nb−Cu0.43Ni0.57−

Nb
v�t��� � w�t·��zØ� }gw�tvsvku�� |�t���u���y!�s|sp rs|spk��ps�ky�z{r�u�� �u��×%psvky d(2)

c = 15
v��.��,z{�ku��Î�q{���aw��s�8�s|ku�}yÑw�y�vsp��g~{|�����u��1u��ky�vsrsp!�k|O� Ó ��ÕýÄ;}Lz�u�u���}y{��z���}�pky�z`r�u��u�|s� �

d
(2)
c = 7πξF2/4

Ä_�ku�s�k�sp��
ξF2 = 2.7

v��.�'Ò,�ky{� q·t}�psz{p��¨u�z���p ��t~{vky{��p�q·��t
F
�zÑ��u��Gu��	y�~�u+�u��×%psvs�=Äx}���tz���vku�z���pOÄ��k�ky{�	}���p���vsp��Rvky���t~{vspk��vs�4�c� � »�¾ � �`�5zÑ��u�y�}Ó z��.�4�O� � � � ÕýÄ#y�×	yL��u��y{yLz����p�äYt�y{�8ú{��p«u��ky�vsrspO� à trsp�� u���|�t·q�u��i|�t·q�vs�.yL��ps�s�ú�rxz{�ky�|sp��¨y�vk�u�}�v�t

SF
� z���|��krk���k|�t���w�t � �R���p�q�rspky�u��ky�vsrsp��ky�|spku{w�tGu�z{�sp��s�s���sps�z{}y�|��s�s|ku�}u�w���×	y�~�uY��t|�t��¨y{��|�tY�ku�|���w�r�tk�

�)ùy� ��ÿCF	�%=¦XAB[HIL B �
KMF	WVBTSIL_Z)B[HIPRQ �_�MHI��U SVB®@A���_�MPRQ�PR? J HIQ ?CF	HI? J�B
Z\LIK
SI?CF	KM?CWILI��B[F	KM?CN Z\?�XABb�_L±` ¸ �O� � �ß�����'��uK�ku�rxt·q·tvku�Ä;�k�u�w��s�1u��[³O��z{vky�vsp��z{p���Î�vku�~�ui|�t·q{��ps�sp�� w�y��sz���}�pk�y���Î�vku�� p0�5vsp��¨u��ÿw���psv0r�u�~�y�|ky�vk��vku�z���p

ξF1
p

ξF2
Ó �s|sp��¨y�|svku }ç���ãm«|�t·q·t�Õ���|ky{���y{��zØ� �¨u{w�pso=psr�t�sp��i�¨u�w�y���pOÄ,u��spsz{�_}�t � ×	y���ku�}yÑw�y�vspky z{}y�|��s�s|ku�}u�w���×	y�� }u��vku�}u�� oZ�kvsrs�spsp@} o,y�|s|ku���t~{vspk��vku�� zÑ��u�y��ÏQt·��u�z���Î!w�y��sz���}�pk�y���Î�vku��Üw���psvs�þr�u�~�y�|ky�vk��vku�z���p«~�u�}u�|spk�1ug�u��.Ä'�k�uÝ�ku��5p��¨u�y��5�ky�|�t����k|svku�~�u põu����¨y�vsvku�~�uþ|�tz{��t|sps}�tvsp��î}þpsz{�ku��Î�q�u�}�tvsvku�� } w�tvsvku��|�t���u��ySo,y�|s|ku���t~{vky{��psr�ySzÑ�k×	y�z���}y�vsv�� � |ku��ÎRps~{|�t � �`y�×	y�u�w�psvLp���pLvky�z{r�u��Î�r�u�s|ku��ky�z{z�u�}sÄ }��'q��_}�t � ×%px� |�t·q�|��k¿	y�vspky r��k�ky�|ku�}�z{rspx� ��t|O�i¸ |�t���u��y û ����ü���'��u �ku�r�t·q·tvku�Ä«�k�u �ku�w�u���vs�_� ú�o=o,y�rk� �¨u�ä%y{� ���.��Î }��'q�}�tv }���p���vspky��z{�spsvx�Ôu�|k��pk��t·��Î�vku�~�uþ|�tz{z�y���vsp��®�Å�Aw�v�tr�u }0v�t¿	y�� zÑ�s�k��t�y ú{�u��þ�s|ku��ky�z{z vkyps~{|�t�y{� zÑ�k×	y�z���}y�vsvku�� |ku��pOÄæ�ku�z{r�u��Î�r�� z�u�~Ø��tz{vku �s|ku�}yÑw�y�vsvs� � u��ky�vsr�t����t|�trk�y�|sv�t·�õú�vky�|s~{p��õz{�spsvx�Ôu�|k��pk��t·��Î�vku�~�u |�tz{z�y���vsp��

h̄/τSO
vkyÿ�s|ky�}��_¿St�y{��� Å } �y��5�ky�|�t����k|svs�4� yÑw�psvsps��t��OÄL�k�uþ}u �5vku�~�u |�t·qá�¨y�vsÎ�¿	yi}y���ps�spsvs�u����¨y�vsvku�~�u }�q·tp��¨u�w�y��sz���}�p��

Eex ' 103 û Ó z��.�Avsp�ä%y·Õý�=ÆZu«v�t¿	y��¦�ç�5vky�vsp � Äu�w�vsp��ÿp�q1u�z{vku�}�vs�4� |�tz{��t|sps}�t � ×%px�ç�¨yÑ��tvsp�q·�¦u�}sÄ_vky1|�tz{z��¨u���|ky�vsvs�4� |�tvky{y�Ävkuau�z�u���y�vsvkuazÑ�k×	y�z���}y�vsvs� �å}azÑ�s�k��t�ye~{|��kq�vs�4�Ý��t~{vspk��vs�4� z{����t}u�}sÄ;��}��s�sy{��zØ�|�tz{z�y���vspky z �ky�|ky�}u�|ku��u�� z{�spsv�tk�g¸ o,y�|s|ku���t~{vspk��vs�4� z{����t}�t��
Cu1−xNix�s|sp r�u�vs�ky�vk��|�t�spspçvspsr�y��s�

x ≈ 0.5
Ó ���p�q�r�u�� r rs|spk��ps�ky�z{r�u��çr�u�vs�ky�vk��|�t�spspo,y�|s|ku���t~{vky{��p�q·��t�ÕZvky{u�w�vku�|ku�w�vku�z���ÎQ��t~{vspk��vku��!z���|��krk���k|s� Ó û � � ü¨� û �®a�ü Õ_w�y���t�y{�}uq·�¨u�ä�vs� �5p!�s|ku��ky�z{z{� |�tz{z�y���vsp��XzG�ky�|ky�}u�|ku��u�� z{�spsv�tkÄ®r�u��u�|s�.y�q·t�s|ky�×	y�vs�}a��u��y{y�z{p���Î�vs�4�Ýu�w�vku�|ku�w�vs�4�ÜoZy�|s|ku���t~{vky{��psr�t��OÄ���trspx�Ür�trÝu�w�vku�ú���y��¦y�vk��vs�'y

Fe, Co, Ni
�%ÆZu�z{r�u��Î�r�� r�u�vs�ky�vk��|�t�sp��i��t|�t���t~{vspk��vs�4�it��u��¨u�} }

F
� zÑ��u����psz{zÑ��yÑw�u�}�tvsvs�4�

SFS
� z�ú�vxw�}�ps�ky��]���'��tç}y���psr�tkÄ=��t|�trk�y�|sv�t·�iú�vky�|s~{p�� �·tr�u�~�u|�tz{z�y���vsp��

h̄/τs
�¨u�~Ø��t=���.��Î	�ku�|���w�r�t+ú�vky�|s~{pspGu����¨y�vsvku�~�u�}�q·tp��¨u�w�y��sz���}�p��

Eex
pw�t·ä%y+��u��Î�¿	y��Â4u�~ ��tz{vku �y{u�|ky{��ps�ky�z{r�u��¦� �ku�ws��u{w���Äæ|�t·q�}�pk�u��¦� �%�ã�S� ¾ �xq�w�psvs� � ûgf�� üw��s� u��[³O��z{vky�vsp�� �ku�s�k�ky�vsvs�4�]} w�tvsvku��]|�t���u��yÊ|ky�q{����Î���t��u�}sÄ+|�tz{�s|kyÑw�y���y�vspkyz{}y�|��s�s|ku�}u�w���×	y�~�uU��t|�t��¨y{��|�tZ�ku�|���w�r�tZ}Zo,y�|s|ku���t~{vky{��psr�y �¨u�ä%y{�Z���.��ÎZu��spsz�tvku�s|spç�ku��¨u�×%p ��t|�t��¨y{��|sp�q�u�}�tvsvku�~�uÜ�k|�t}�vky�vsp�� ÒUq·t�w�y��s� û ��l�ü+w��s�åtvku���t·��Î�vku��

���



oZ�kvsrs�spsp Ð |spsv�t
F = sinΘ

p�vku�|���t·��Î�vku��QoZ�kvsrs�spsp Ð |spsv�t
G = cosΘ

�
(
ω + 2iEex +

h̄ cosΘ

τs

)
sinΘ− h̄D

2

∂2Θ

∂x2
= 0,

Ó � Õ
~ w�y

ω = πkBT (2n + 1)
�Ê��t������t|ku�}�z{rspkyæ��tz��u����=�� =tpk��u��y{yæv�t~Ø�s��w�vs�.y|ky�q{�·��Î��·t���� �ku�s�k��t � ��zØ� �s|sp �y��5�ky�|�t����k|�t�� ���p�q�rspx� r

Tc
Ä r�u�~ w�t

G ≈
1
� � tz{�s|kyÑw�y���y�vspkyÜz{}y�|�s�s|ku�}u�w���×	y��æ}u��vku�}u�� oZ�kvsrs�spsp]} �ku�s����y�z{r�u�vky��svku��o,y�|s|ku���t~{vky{��psr�y�}Qu�rs|ky�z���vku�z���p

SF
� ~{|�tvsps�s�i�s|spg��trspx�1�y��5�ky�|�t����k|�t��8p��¨y{y{�}�pxw_�

F ∼ exp {−x(1/ξF1 + i/ξF2)}
Ä�~ w�y

ξF1,2 =

√
h̄D√

E2
ex + (h̄/τs)2 ± h̄/τs

,
Ó lxÕ

}��s|kyÑw�y���y
Eex, h̄/τs À 2πkBTc

�M!5zÑ��p
h̄/τs ∼ Eex

Ä��uGw���psvs�år�u�~�y�|ky�vk��vku�z���p
ξF1p

ξF2
�¨u�~Ñ���gzÑ�k×	y�z���}y�vsvkugu�����ps��t���Î�zØ� pÊ�k|O�ZÓ ��ÕY�xä%yavkya�¨u�ä	y{�Ý�s|sp��¨y�v��s��Î�zØ�w��s� tv�t·��p�q·tõú�rxz{�ky�|sp��¨y�vk��t·��Î�vs�4� rs|sps}��4�O� Í �kvsrs�spku�v�t·��Î�v�t·� q·t}�psz{p��¨u�z���Îrs|spk��ps�ky�z{r�u��Q����u���vku�z���pQ�u�r�tG}GzÑ�s�k��t�y

dF À ξF1
p��¨y{y{�G}�pxw_�

jc = j0e
−dF /ξF1 (cos dF/ξF2 + (ξF1/ξF2) sin dF/ξF2) ,

Ó ��Õ
~ w�yY}y���ps�spsvs�

ξF1,2
u��s|kyÑw�y��s� � ��zØ�K�k|O��Ó lxÕý���Z����ps�spkyY�k|O��Ó ��ÕAu����k|O��Ó ��ÕUz�u�z��u�pk�}1�u��.Ä'�k�ugw�y��sz���}�pk�y���Î�v�t·� p �5vsp���t·�Üw���psvs�þr�u�~�y�|ky�vk��vku�z���p«vkya|�t}�vs� w�|��k~w�|��k~Ñ�gpOÄ¨r�trÝzÑ��yÑw�z���}�pky�Ä;u�w�vkuap�q�zÑ��t~Ñt�y��5�4�g}Kz{r�u���r�t��8z�u�w�y�|�ä�pk�X�5vku�ä�pk�y���Î

ξF1/ξF2 < 1
�4Â'|�t}�vky�vspkyL�¨u�w�y���Î�vs�4�Ü|�tz{�ky{��u�}ÊÓ ���kvsrk��ps|sv�t·�Ê��psvsp�� v�tX|spsz���Ý�xÕezXú�rxz{�ky�|sp��¨y�vk�u�� �ku�r�t·q��_}�t�y{��ÄA�k�uÊq·t}�psz{p��¨u�z���Î Ó ��Õ`��w�u�}���y{��}u�|spk�y���Î�vkuu��spsz{�_}�t�y{�þú�r�z{�ky�|sp��¨y�vk��t·��Î�vs�.y |ky�q{�·��Î���t���� w�t·ä%y �s|sp w�u�z���t��u��svku vsp�q�rspx��y��5�ky�|�t����k|�t��
T ≈ 0.5 Tc

�°�Aw�v�tr�u �s|sp t�s�s|ku�rxz{p���t�spsp �y��5�ky�|�t����k|svs�4�q·t}�psz{p��¨u�z��y��Qrs|spk��ps�ky�z{r�u�~�uR�u�r�tLÓ |spsz�� � Õ_vky{u�����u�w�p��¨uR�s|sp��¨y�v��s��Î`}��_|�t·ä	y�vspky�Äz{�s|�t}yÑw���ps}u�y+}u�}�z�y��8ú�rxz{�ky�|sp��¨y�vk��t·��Î�vkuSw�u�z����k�svku��8w�p�t��t·q�u�vky=�y��5�ky�|�t����k|O�Þ+�s� �s|ku���z{vky�vsp�� }u��s|ku�z�t u �u��svku�� �y��5�ky�|�t����k|svku�� p �u��×%psvsvku��q·t}�psz{p��¨u�z���p rs|spk��ps�ky�z{r�u�~�u �u�r�t
SFS

� r�u�vk�·trk�u�} vky���p�tvky�t|sp�q�u�}�tvsvku�y�k|�t}�vky�vspkyAÒUq·t�w�y��s�LÓ � Õ5���'��u%|ky�¿	y�vku	}+��u��y{yAu���×	y��!zÑ�s�k��t�y���¸8ú{�u��X�k|�t}�vky�vspsp�ku��5p��¨u ��y��¨�ky�|�t���k|svku�~�u }�r���t�w�tkÄU}·��u�w���×	y�~�u �ky�|ky�q ��t������t|ku�}�z{rspky8��tz��u����=Ä�k�spk���_}�t�y{��zØ� }���p���vspky �y��5�ky�|�t����k|svku�� q·t}�psz{p��¨u�z���p vku�|���t·��Î�vku�� oZ�kvsrs�spspÐ |spsv�t
G
���Uq�� q·t«v�t·��ps�sp�� ��u��Î�¿	u�~�u �5vku�ä�pk�y��s�

h̄/τs ∼ Eex
ú{�u�� }�r���t�wi}q·t}�psz{p��¨u�z���Î

jc(T )
�¨u�ä%y{�����.��Î=w�u��5psvsps|�� � ×%p��.��¸4�_|�t·ä%y�vspky_w��s�Rrs|spk��ps�ky�z{r�u������u���vku�z���p0�u�r�t
SFS

� r�u�vk��trk��tiz �k�ky{�u�� |�tz{z�y���vsp�� z �ky�|ky�}u�|ku��u�� z{�spsv�tp��¨y{y{�G}�pxw_�

jc(dF , T ) =
64σnπkBTc

eξ0
Re




∞∑

n>0

F (n) q exp(−qy)
[√

(1− p2)F (n) + 1 + 1
]2




Ó ��Õ
��m



z=oZ�kvsrs�spky��
F (n) =

(∆/ (2πkBT ))
2

[
n+ 1/2 +

√
(n+ 1/2)2 + (∆/ (2πkBT ))

2

]2 ,

p
y = dF/ξ0

Ä
q =

√
2i+ 2α + 2ω̃

Ä	~ w�y
α = h̄/(τsEex)

Ä
ω̃ = ω/Eex =

2π(n+1/2)(T/Tc)
Eex/kBTc

Ä
1 − p2 = (i + ω̃)/(α + i + ω̃)

p
ξ0 =

√
h̄D/Eex

�A¸0�s|kyÑw�y���y
α → 0

¾®¼ �
kBTc ¿ Eex

}��_|�t·ä%y�vspky�Ó ��ÕUz�u�}���t�w�t�y{�ezS�ku�s�k�ky�vsvs� � |�tvky{yY} û ���ýüÓ z��.�)��tr�ä%y`�k|O�'Ó ��Õ Õý�5 =tQ|spsz��¨���Kz{����u�¿%vku��!��psvspky��g�ku�r�t·q·tv�t�t�s�s|ku�rxz{p���t�sp��ú�rxz{�ky�|sp��¨y�vk��t·��Î�vs�4�îw�tvsvs�4� v�t u�z{vku�}y0o,u�|��¦�·��� Ó ��Õý��.Zu�|ku�¿	y{y0z�u�~Ø��tz{pky�¨y�äSw�� �y{u�|spky�� p ú�rxz{�ky�|sp��¨y�vk�u��iw�u�z���ps~ýt�y{��zØ� �s|sp zÑ��yÑw�� � ×%px� ��t|�t��¨y{��|�t����
Eex/kB ≈ 850 K

Ä
h̄/τs ≈ 1.33 Eex

Ä
ξ0 = 2.16 nm

�Z Zy{u��{��u�w�p��¨uÜu����¨y{��pk��Î��tr�ä%y�Ä �k�u z�u�}��¨y�×	y�vspky ú�rxz{�ky�|sp��¨y�vk��t·��Î�vku�� p �y{u�|ky{��ps�ky�z{r�u�� rs|sps}��4���|ky{���y{� }�r�� � �ky�vsp�� } w�ä%uq�y�o=z�u�vku�}�z{r�� � CuNi
� �s|ku�zÑ��u��sr�� w�u�z���t��u��svku�u��z��u�~�uÿvky���t~{vspk��vku�~�u Ó9� � »�¾ � �{ÕÊzÑ��u��®ÄRr�u��u�|s�_� vkyæ�s|spsvsp���t�y{�i�k��tz���p�� }q�v�tr�u��ky�|ky��¨y�vsvku�� z{}y�|��s�s|ku�}u{w�p��¨u�z���p��

d0 ≈ 4.3
v��.��¸#uq·�¨u�ä�vku�ÄR�u��×%psv�t
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SF
� z���|��krk���k|�t��

Nb − CuNi
û�� �·ü p

Nb − PdNi
û�� �ýüæ��tr�ä%y w�y��¨u�vsz���|sps|�� � � w�u�}u��Î�vkuq�v�t��spk�y���Î�vku�y,�ku�w�t}���y�vspky,��t~{vky{��p�q·��t
F
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0− π �ky�|kyÑ��u�w�u�}sÄk��trQp�}·w�t·��peu���vspx�O�
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0 − π
� �ky�|kyÑ��u�w�u�}

SFS
�r�u�vk��trk�u�}
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Nb−Cu0.47Ni0.53−Nb
Ä�k�uR�kuq�}u�s�k��uGpsz{�ku��Î�q�u�}�t���ÎG|ky�q{�·��Î���t����=Ä��ku�s�k�ky�vsvs�.y�}G~Ø�)� � �
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SFS

� r�u�vk��trk�õu��|�t·q�vku�z���p]o+t·q } u�rs|ky�z���vku�z���p ��y��¨�ky�|�t���k|s�
T

(2)
π
�=�xÕ Ö t}�psz{p��¨u�z���Î t��5����pk����w�ky�|s}u�� p }�u�|ku�� ~Ñt|��¨u�vspsr �u�r�u�� o+t·q�u�}u�~�u z�u�u���vku�¿	y�vsp�� } u�rs|ky�z���vku�z���p�y��5�ky�|�t����k|s�

Tπ2
�� =tU}�z���t}�r�y.�ku�r�t·q·tv�tZz ��y���tAú�rxz{�ky�|sp��¨y�vk��tU�ku=p�q{�k�ky�vsp � �u�r�u��o+t·q�u�}u�~�uGz�u�u���vku�¿	y�vsp��®�

u�� |�t·q�vku�z���p o+t·qåv�t]vky�� p vky��ku�z{|kyÑw�z���}y�vsvku v�t��� � w�t���Îip�q·�¨y�vky�vspky q�v�tr�trs|spk��ps�ky�z{r�u�~�uL�u�r�t�}L�s|ku��ky�z{z�y
0 − π

�ky�|kyÑ��u�w�tk�®Þ+�s�gp�q{�k�ky�vsp��1�u�r�u�� o+t·q�u�}u�~�uz�u�u���vku�¿	y�vsp��
SFS

� r�u�vk��trk��tkÄ��ku�zÑ��yÑw�vsps� ���'� q·tr�� � �ky�v } z{}y�|��s�s|ku�}u{w���×	y{yr�u��Î��ku Ó z��.�,}�z���t}�r��år |spsz��Zl � p û�� ��ü Õý��(#��y�rk��|sps�ky�z{rsps� �u�r u�� psz���u��svspsrxt��tz���ps�svkuæ�s|ku��y�r�t·�á�ky�|ky�q w�ä%uq�y�o=z�u�vku�}�z{rsps� r�u�vk��trk�áÓ �u�r
IJ
ÕýÄ	t ��tz���ps�svku�ky�|ky�qÝz{}y�|��s�s|ku�}u�w���×�� � �ky{��� � L

Ó �u�r
IL
ÕýÄZz�uq�w�t}�t·�å�s|spçú{�u�� ��t~{vspk��vs�_��ku��u�r

Φ
�5Ò,��tz��u�r r�u��Î���tkÄ¹z�u�w�y�|�äYt}�¿%ps�
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� r�u�vk��trk�·Ä#���'�Êu��ky�vsÎg��t·�)Ä���tr�k�u ��t~{vspk��vs� � �ku��y�� �u�r�t
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(4�u��ÿ�ku��u�r w�y{�y�rk��ps|ku�}�t·��zØ�þ�s|spþ�ku��¨u�×%p w�t����spsrxt Â Å ¸.�UÞ%tkÄRpsvxw��krk��ps}�vkuz{}��kq·tvsvku�~�uazeu���|�t·q��ku��.Ä¨�s|sps�ky�� }y���ps�spsv�t

Φ
���'��taz{}��kq·tv�tKze|�t·q�vku�z���Î � o+t·q

ϕ
z�u�u���vku�¿	y�vspky�� û ��üh�

ϕ = 2πΦ/Φ0 + 2πn
ÄZ~ w�y

n
� �ky���u�y�� à u�r

IJ
���'� |�t}y�v|�t·q�vku�z���p`�u�r�tSpsz��u��svspsrxt

I
p`�u�r�t

IL
�
IJ = I − IL ≈ I −Φ/L

� à trsp��gu���|�t·q�u��.Äú�rxz{�ky�|sp��¨y�vk��t·��Î�vku�y p�q·�¨y�|ky�vspky q·t}�psz{p��¨u�z���p
Φ(I)

�kuq�}u�s�k��u u��s|kyÑw�y���pk��Î�u�r�u�� o+t·q�u�}u�y�z�u�u���vku�¿	y�vspky
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� r�u�vk��trk��t
IJ(ϕ)

�Æ,|spæp�q�~�u��u�}���y�vspspæu���|�t·q���t �u��×%psv�t o,y�|s|ku���t~{vspk��vku�� �s|ku�zÑ��u��srsp
SFS

�r�u�vk��trk��t	���'��t�}��.��|�tv�t����p�q�r�u��Rr
d

(2)
c = 23

v��.Äx�k�uY�kuq�}u�s�k��u	p�q·�¨y�v��s��Î+q�v�try�~�uers|spk��ps�ky�z{r�u�~�u��u�r�t������y�� p�q·�¨y�vky�vsp��K�y��5�ky�|�t����k|s�=�;Â4u�~Ø��tz{vku`w�tvsvs� � ~ �)�
� �s|spR��tr�u���}y���ps�spsvky

dF SFS
� �ky�|kyÑ��u�wev�t���u�w�pk��zØ��}

π
� z�u�z��u���vspsp`�s|sp

T > T
(2)
πp«}Ý��� z�u�z��u���vspsp«�s|sp

T < T
(2)
π
� Ö t}�psz{p��¨u�z���p

IJ(ϕ)
w��s� |���w�t1�y��5�ky�|�t����k| }u�rs|ky�z���vku�z���p

0−π �ky�|kyÑ��u{w�t_�ku�r�t·q·tvs�Xv�t_|spsz���lUtk���+y�~{r�u_}�pxw�y{��ÎsÄ��k�uUrs|sps}��'y5w��s��y��5�ky�|�t����k|1}��_¿	y�p!vsp�ä%y
T

(2)
π = 3.59

û w�y��sz���}�pk�y���Î�vkuLp��¨y � ��|�t·q�vs�_�aq�v�trOÄ
�ba
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� r�u�vk��trk��t Ó z��.�'�O�,��� � Õ���'��tå�s|ku�}yÑw�y�v�tæt�s�s|ku�r�z{p���t�sp��áú�rxz{�ky�|sp��¦y�vk��t·��Î�vs�4�árs|sps}��4�
Φ(I)

Ä%} ��u�w�yr�u��u�|ku�� �s|kyÑw��ku��t~Ñt·��tz{Î zÑ��yÑw�� � ×St·� o,u�|���t �u�r�u�� o+t·q�u�}u�~�u@z�u�u���vku�¿	y�vsp����
IJ(ϕ) = Ic1 sinϕ + Ic2 sin 2ϕ,

~ w�y t��5����pk����w�� �ky�|s}u��ápá}�u�|ku��ÿ~Ñt|��¨u�vspsr
Ic1, Ic2
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� r�u�vk��trk��t } u�rs|ky�z���vku�z���pÿ�y��5�ky�|�t����k|s�
0 − π
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0 − π

�ky�|kyÑ��u{w�tÁÓ
π − 0
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Ic(Φ)
�¨u�ä	y{�z{p���Î�vku	q·t}�psz�y{��Î	u��%�y��5�ky�|�t����k|s�=��Æ,|sp��¨y�|Rú�}u� � �spsp��ku��y�}u��G��t|�trk�y�|spsz���psr�p

SFS
� r�u�vk��trk��t �ku�rxt·q·tvçv�tÜ|spsz��Z�Ütk�UÆ,|sp
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T = Tπ ' 1.5
ûÿÓ |spsz����	�xÕý�ÆZu���}���y�vspky0�s|ku�}�t·��t@�s|sp

Φ = 0
v�t �ku��y�}u��7��t|�trk�y�|spsz���psr�y
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� psz��æ�A�æt�Õ ('}u� � �sp�� �ku��y�}u�� ��t|�trk�y�|spsz���psrsp
Ic(H)

|�tz{�s|kyÑw�y���y�vsvku�~�u
0 − π

� r�u�vk��trk��tk��ü'����u�¿%vs� �5p ��psvsp����5põ�ku�rxt·q·tvs� |ky�q{����Î���t���� �spszÑ��y�vsvku�~�u�¨u�w�y���ps|ku�}�tvsp��®� �xÕ ('r�z{�ky�|sp��¨y�vk��t·��Î�v�t·� �y��5�ky�|�t����k|sv�t·� q·t}�psz{p��¨u�z���Ît���z�u� � ��vku��%}y���ps�spsvs�8rs|spk��ps�ky�z{r�u�~�uU�u�r�t 0−π � r�u�vk��trk��tZ}Uv�����y�}u��L��t~{vspk��vku���ku��y��s}�Õ.Â¹��y���tS|�t·q�w�y���y�vsp���|�tz{�s|kyÑw�y���y�vsvku�~�u
SFS

� r�u�vk��trk��tGv�tG�Sp
π
�Ôu����tz���pO�~�Õ à y��5�ky�|�t����k|sv�t·�Êq·t}�psz{p��¨u�z���Î1rs|spk��ps�ky�z{r�u�~�ug�u�rxt8�!p

π
�Ôu����tz��y��OÄ4tX�·tr�ä%y}�z�y�~�u	|�tz{�s|kyÑw�y���y�vsvku�~�u

0−π � r�u�vk��trk��tk��w Õ Í t·q�u�}�t·�Gw�p�t~{|�t�����t	zÑ�k×	y�z���}u�}�tvsp��}�px�s|��e}u�rs|��k~,~{|�tvsps�s� |�t·q�w�y���tS�Sp
π
�Ôu����tz��y��O��ÆU�kvsrk��ps|svku�����psvspky��e�ku�r�t·q·tv�t��|�t�y�rk�u�|sp��®ÄZ�s|ku���u�w�p���t·�

0 − π
� r�u�vk��trk�u�� �s|spåp�q·�¨y�vky�vspsp ��y��¨�ky�|�t���k|s�,�Zy·Õ =t��� � w�y�vspky+�ku�s�k�ky����4�Qz����k�ky�vky��°*]t�sps|kuR�s|sp

T ' Tπ
�

r�u�vk��trk��t z{}�pxw�y{�y���Î�z���}���y{�«u y�~�u |�t·q�w�y���y�vspspæv�t u����tz���p è �ku��u�äGpk��y���Î�vs� �põu���|sps��t���y���Î�vs� � rs|spk��ps�ky�z{rsp�� �u�r�u�� Ó ���çp
π
�Ôu����tz���p�Õå} v�t�s|�t}���y�vspspOÄ�ky�|s�ky�vxw�psr��·�s��|svku�� ��t~{vspk��vku��¦�î�ku� � û��[� üÔ�1Æ,|sps�spsv�t u���|�t·q�u�}�tvsp��î��tr�u�~�u

�Ñ|�tz{�s|kyÑw�y���y�vsvku�~�u
0 − π

� r�u�vk��trk��t�� z�u�z��u��k��t } �s|ky�q�}��_��t�svku z{p���Î�vku��q·t}�psz{p��¨u�z���p
jc
u��
dF
}=u�rs|ky�z���vku�z���pG�u��×%psvs�

0−π �ky�|kyÑ��u�w�tkÄ�~ w�y rs|spk��ps�ky�z{r�t·�����u���vku�z���Î �u�r�tæp�q·�¨y�v��sy{��z �Áv�t � �ku�|���w�r�tå�s|spáp�q·�¨y�vky�vspspi�u��×%psvs� }�z�y�~�u��ps¿%ÎKv�tg�`v��.Ä5t��·tr�ä%y�p�q·�¨y�v��sy{�Kz{}u��!q�v�trO�5¸ ú{��px�1��zÑ��u�}�p����Ý�¨psvsp���t·��Î�v�t·�Ó u�r�u��u!���f Õ�oZ�s�krk���xt�sp�� }y���ps�spsv
dF

p���p
λex
Ä¦}uq�vspsr�t � ×St·�8}Kz{p��s�!�yÑ�8p���ppsvs�4�i�yÑ�svku��u�~{ps�ky�z{rspx�i�s|sps�spsvOÄY�¨u�ä%y{�æ�s|sps}y�z���pÁriz{p���Î�vku vky{u{w�vku�|ku�w�vku��¦�q�v�tr�u��ky�|ky��¨y�vsvku��¦�,|�tz{�s|kyÑw�y���y�vsp � rs|spk��ps�ky�z{r�u��	����u���vku�z���p��u�r�t jc �kuA����u�×St�w�pr�u�vk��trk��tÁpOÄ`r�tr zÑ��yÑw�z���}�pky�Ä`|ky�q�r�u��;� psz{r�t·ä%y�vsp � �ku��y�}��4�ÿ��t|�trk�y�|spsz���psrO�ÆZu�ú{�u��¦�Lw��s�g�s|ku�}yÑw�y�vsp��1r�t��ky�z���}y�vsvs�4�!ú�rxz{�ky�|sp��¨y�vk�u�}�}Q�O� � �ß���s|spx��u�w�p���u�z{Î�s|spsvsp���t���Î%z{�ky��sp�t·��Î�vs�.yU�¨y�|s�Ýw��s�R�ku�}��_¿	y�vsp���u�w�vku�|ku{w�vku�z���pRu���|�t·q��ku�}+z

dF ≈
d

(1)
c ≈ 11
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 =t |spsz���� }á�ku�rxt·q·tv�tiz ��y���t |�t·q�w�y���y�vsp�� u���|�t·q���tiv�tÁ���Üp
π
�Ôu����tz���pOÄ�ku�s�k�ky�vsv�t·�Á�kuæ|ky�q{�·��Î���t���t�� �spszÑ��y�vsvku�~�uæ�¨u�w�y���ps|ku�}�tvsp��®��Þ+�s�iv�t~Ø�s��w�vku�z���pq�w�y�z{ÎÝz{�spk��t�y{��zØ�®Ä_�k�uÊ|�tz{�s|kyÑw�y���y�vsvs�_�

0 − π
r�u�vk��trk�Ê}uq�vspsr�t�y{�Ü}�zÑ��yÑw�z���}�pky�ky�|ky���t�w�t �u��×%psvs� o,y�|s|ku���t~{vspk��vku�~�uåzÑ��u��®� Å |spk��ps�ky�z{rsps�]�u�r ��y�}u��]��tz���pr�u�vk��trk��t ��}��s�sy{��zØ� �ku��u�ä�pk�y���Î�vs� �.Äæt rs|spk��ps�ky�z{rsps� �u�r �s|�t}u�� ��tz���pp�q·�¨y�v��sy{�Üq�v�trç�s|sp

T = 2.1
û Ó |spsz��,�Ê~�Õý� à trsp�� u���|�t·q�u��.ÄA|�tz{�s|kyÑw�y���y�vspkyrs|spk��ps�ky�z{r�u�� ����u���vku�z���pÊ�u�r�t!�s|sp

T < 2.1
ûþz���tvku�}�pk��zØ�Üq�v�tr�u��ky�|ky��¨y�vsvs� �'Ä�k�uZ�kuq�}u�s�sy{�A|�tz{z���t���|sps}�t���ÎAu���|�t·q�y��+r�tr	o+t·q�u�}u�� ���k}�z���}�pk�y���Î�v�� � z���|��krk���k|��%�w�}����sr�u�vk��trsvs�_�Rpsvk�y�|so,y�|ku��¨y{��| û ��üÔÄ�z�u�w�y�|�äYt×%ps�R���¦p

π
��r�u�vk��trk�·� Å |spk��ps�ky�z{rsps��u�r ��tr�u�~�u

0 − π
psvk�y�|so,y�|ku��¨y{��|�t �s|spsvsp���t�y{�å�5psvsp���t·��Î�vku�y q�v�t��ky�vspkyÜ�s|sp�ky���u��spszÑ��y�vsvku�� �ku��u�r�y �ky�|ky�q r�u�vk���k|OÄ1�k�u u��[³O��z{v��sy{�þ�ku���}���y�vspkyÿ�s|ku�}�t·��tv�t rs|sps}u��

Ic(H)
} v��·��y�}u��î��t~{vspk��vku��7�ku��y��5.=t|�trk�y�|svku�� u�z�u���y�vsvku�z���Î �z{p����¨y{��|sps�svku�~�u

0 − π
psvk�y�|so,y�|ku��¨y{��|�t �s|sp

Φ = 0
��}��s�sy{��zØ�á�s|ku��y�r�tvspkyz{�ku�vk��tvsvku�~�uA}�px�s|ky�}u�~�u �u�rxt�Ó �ku�s�koZ��trxz�u�v�t û�� ��ü ÕýÄ{z�uq�w�t � ×	y�~�u4w�u��ku��vspk��y���Î�vku�yp�q·�¨y�vky�vspky`o+t·q��iz{}y�|��s�s|ku�}u{w���×	y��1}u��vku�}u��goZ�kvsrs�spsp
π
p1u���y�z{�ky��sps}�t � ×	y�~�u�y�� z�t��5� � y{yæu�w�vkuq�v�t��svku�z���Îs��¸¹��p���vspky�� z�u���z���}y�vsvku�~�uá�ku�s� ú{�u�~�uÿ}�px�s|��u��[³O��z{v��sy{��zØ�`�u��Ro+trk��Ä��k�uR�5psvsp���t·��Î�vku�y=q�v�t��ky�vspky+rs|spk��ps�ky�z{r�u�~�uG�u�r�tYv�tY|spsz���%�Gu��{��ps�svkuRu���v����s�®�¸ |�t���u��y ûgf lüL���'��ui�ku�rxt·q·tvku�ÄR�k�uÁ�ku�s�koZ��tr�z�u�v �¨u�ä%y{�izÑ�k×	y�z���}u�}�t���Î�u��Î�r�uá}iz{p����¨y{��|sps�svku��

0 − π
psvk�y�|so,y�|ku��¨y{��|ky�Ä�}ir�u��u�|ku�� rs|spk��ps�ky�z{rspky�u�rsp

0− p
π
� r�u�vk��trk�u�} �s|spk���p�q�pk�y���Î�vku]|�t}�vs� �ku t���z�u� � ��vku��á}y���ps�spsvky��¸ �s|ku���ps}�vku�� zÑ�s�k��t�y �s|ku��y�r�tvspky }�px�s|ky�}u�~�uõ�u�r�tõvky �¨u�ä%y{�7u���y�z{�ky��spk��Îu�w�vkuq�v�t��svku�z���p�z{}y�|��s�s|ku�}u�w���×	y���}u��vku�}u��eoZ�kvsrs�spspO�kÒ#zÑ��u�}�p���}uq�vspsrsvku�}y�vsp���ku�s�koZ��trxz�u�v�tÿ}

0 − π
r�u�vk��trk�y ���'��p �ku�s�k�ky�vs� } �ba�m�mi~�u�w��þ}ÿ|�t���u��yû�� ��üÔ�8�A�7��w�u���vku@p�q�u���|�t·äYt���Î } }�pxw�y0o+t·q�u�}u��7w�p�t~{|�t����5�=Ä1~ w�y �ku@u�zØ���u�����u�ä%y�vku]u���vku�¿	y�vspky |�t·q·�¨y�|ku�}]���gp

π
u����tz��y��

w0,π
rÿz�u�u���}y{��z���}�� � ×%p��w�ä%uq�y�o=z�u�vku�}�z{rsp��Kw���psv�t��

λ0,π
J (T )

��Æ,|spYq·t�w�tvsvku��G��y��¨�ky�|�t���k|ky
0−π r�u�vk��trk���z�u�u���}y{��z���}���y{��u��s|kyÑw�y���y�vsv�t·�Q�u��sr�t�v�tGo+t·q�u�}u��Q����u�z{r�u�z���pgÓ |spsz����	w Õý�M�Z���tz���ÎzÑ�k×	y�z���}u�}�tvsp���}�px�s|���u�~{|�tvsps�ky�v�t%��psvsp����5p

λπJ tanhw0/λ
0
J = λ0

J tanwπ/λ
π
J ,

λ0
J tanhwπ/λ

π
J = λπJ tanw0/λ

0
J .ü p�q·�¨y�vky�vspky��Á�y��5�ky�|�t����k|s�@p�q·�¨y�v�� � ��zØ� rs|spk��ps�ky�z{rspky8����u���vku�z���p �u�r�tÊ���`p

π
u����tz��y��OÄ��k�u �s|sps}u{w�pk� r p�q·�¨y�vky�vsp � w�ä%uq�y�o=z�u�vku�}�z{rspx�0w���psv

λ0,π
J (T )

�ÆZu�ú{�u��¦�ÿ�u��sr�tkÄ�u��spsz{�_}�t � ×St·�0|�tz{�s|kyÑw�y���y�vsvs�_�
0 − π

r�u�vk��trk�·ÄGw�}�p�ä%y{��zØ��ku]��|�t�y�rk�u�|sp�pOÄ`�ku�rxt·q·tvsvku�� ���kvsrk��ps|ku�� v�t]|spsz��R�åw;��Ïeu�ä�vkui}�pxw�y{��ÎsÄR�k�u�ku�s�koZ��trxz�u�vQzÑ�k×	y�z���}���y{�Y}S�xq�r�u��Ý�y��5�ky�|�t����k|svku��8w�p�t��t·q�u�vky����ã� � �U���ã��m Å �Æ,|ku��y�rxtvspky�z{�ku�vk��tvsvku�~�u1}�px�s|ky�}u�~�uX�u�r�t1�¨u�ä%y{�!�s|sps}u�w�pk��ÎgrÜ�ku���}���y�vsp ��ku�s�k�ky����4� z����k�ky�vky�� *]t�sps|ku }«u�rs|ky�z���vku�z���p �y��5�ky�|�t����k|s�
0 − π

�ky�|kyÑ��u�w�tÓ |spsz���� y·Õý�G¸4�ky�|s}��.y ��tr�u��áú�o=o,y�rk� v�t��� � w�t·��zØ�iw��s� w�}����sr�u�vk��trk��vku�~�u �����psvk�y�|so,y�|ku��¨y{��|�tL�s|sp
Φ = Φ0/2

û�� l�üÔÄ)ú�rs}�ps}�t·��y�vk��vku�~�u
0 − π

psvk�y�|so,y�|ku��¨y{��|��
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�s|sp
Φ = 0

ÄZr�u��u�|s�_� }«z{}u � u��ky�|kyÑw�Î ú�rs}�ps}�t·��y�vk�y�vå|�tz{�s|kyÑw�y���y�vsvku��¦�
0 −

π
r�u�vk��trk����L¸ w�tvsvku�� |�t���u��y �ku�s�k�ky����.y z����k�ky�vsp v�t��� � w�t·��psz{Îá}i�xq�r�u���y��5�ky�|�t����k|svku��åw�p�t��t·q�u�vkyX��� �������ã�� Å Ä5r�u��u�|s�_�Ür�u�|s|ky���ps|���y{�!zRw�p�t��t·q�u�vku��zÑ�k×	y�z���}u�}�tvsp��8z{�ku�vk��tvsvku�~�ua}�px�s|ky�}u�~�uL�u�rxtkÄ¨�k�uX�ku�w���}y�|�äSw�t�y{�X}�q·tp��¨u�z{}��kq�Îú{��px�X��}���y�vsps�O�¦ÆZu���}���y�vspky��ku�s�k�ky����4�gz����k�ky�vky�� *]t�sps|kuL}�|�t���u��y û �·l�üZÓ z��.�)�O���� � Õ)��tr�ä	yU�¨u�ä%y{�,���.��Î=}��'q�}�tvku=}uq�vspsrsvku�}y�vspky��K�ku�s�koZ��tr�z�u�v�t,},u�rs|ky�z���vku�z���p�y��5�ky�|�t����k|s�

0 − π
�ky�|kyÑ��u�w�tk� Å z�u�äYt·��y�vsp � Ä=} û �·l�ü�vky �s|sps}yÑw�y�vs�7rs|sps}��.y

Ic(H)
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0 − π
r�u�vk��trk��t!vky{u�����u�w�p��¨u�k�spk���_}�t���Î��s|sp�����tvsps|ku�}�tvspspeú�rxz{�ky�|sp��¨y�vk�u�}Y}Su�rs|ky�z���vku�z���p
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Â4u{w�y�|�äYtvspky=w�psz{z�y�|k��t�spsp�u��������psr�u�}�tvkuR}G|�t���u���t����
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