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6��GZ^ijh\�^g��ijbcfZq��\bijhf�g_ggy

�����GZ^ijh\�^g��[hehf_ljb

JZg�r_� gZfb� [meb� jha]eygml�� ijbcfZq�� \bijhf�gx\Zggy� gZ� >D�� <� pvhfm� jha^�e�

[m^mlv� jha]eygml�� ijbcfZq��� sh� \bdhjbklh\mxlv� ^ey� k\h}�� jh[hlb� �gr�� ijbgpbib�

GZcijhkl�rbc� a� gbo� �� lhgdhie�\dh\bc� gZ^ijh\�^gbc� [hehf_lj� �� ijbklj�c�� jh[hlZ� ydh]h

[Zam}lvky�gZ�af�g��hihjm�ie�\db�ijb�gZ]j�\Zgg�����\bijhf�gx\Zggyf��yd_�^hke�^`m}lvky��LZd�

ijbcfZq��fh`mlv�j_}kljm\Zlb�ijZdlbqgh�\_kv�ki_dlj�_e_dljhfZ]g�lgbo�dheb\Zgv��Z�lZdh`�α-
qZklbgdb�lZ�_e_dljhgb��H^gZd�gZc[�evr�i_jki_dlb\g_��o��\bdhjbklZggy�\�^�f�e�f_ljh\h]h�^h

�gnjZq_j\hgh]h� ^�ZiZahgm� _e_dljhfZ]g�lgbo� dheb\Zgv�� ^_� gZ� kvh]h^g�� \Z`dh� kl\hjblb

\bkhdhqmleb\�� ^_l_dlhjb� �grbo� \b^�\�� GZcijhkl�rbc� [hehf_lj� y\ey}� kh[hx� gZ^ijh\�^gm

nhev]m�Z[h�ie�\dm��a�heh\Z��Zexf�g�x��g�ljb^m�g�h[�x, lZglZem��<LGI�lZ�l��g����jhaf�s_gm�m

dj�hklZl���lZ�ijbkljhx��sh�\bf�jx}�hi�j�p�}��ie�\db��Ihkl�cgZ�qZkm�[hehf_ljZ�τ�aZe_`blv�\�^
l_iehi_j_^Zq��f�`�ie�\dhx�lZ�j�^dbf�]_e�}f��ydZ�fh`_�aZ[_ai_qm\Zlbkv��gZijbdeZ^��f�^ghx

rbghx��iZjZfb�]_e�x�lZ��g��Qbf��gl_gkb\g�rZ�l_iehi_j_^ZqZ��lbf�f_gr_�τ��h^gZd�ijb�pvhfm
f_gr�� af�gb� l_fi_jZlmjb� ie�\db�� lh[lh� f_gr_� qmleb\�klv�� >ey� i�^\bs_ggy� qmleb\hkl�

gZ^ijh\�^gh]h�[hehf_ljZ�g_h[o�^gh��sh[�jh[hqZ�l_fi_jZlmjZ�ie�\db�L≅Ld��lhfm�sh�lml�fZ}

f�kp_�fZdkbfmf�iho�^gh��dR/dT.�Ijb�pvhfm�e_]dh�hljbfZlb�qmleb\�klv dR/dT ∼103
�Hf�]jZ^�

Af_gr_ggy� l_ieh}fdhkl�� ijb� i_j_oh^�� m� gZ^ijh\�^gbc� klZg� lZdh`� kijby}� a[�evr_ggx

qmleb\hkl��

M�ijZdlbqgbo�ko_fZo�[hehf_lj�\�ie�\dZ�\dexqZ}lvky�m�fhklh\m�ko_fm��>ey�mkmg_ggy

\ieb\m�rmfm�lbim���f�py�ko_fZ�`b\blvky�\�^�af�ggh��gZijm]b�qZklhlhx�m�^_d�evdZ�d�eh]_jp�
Ijb�af�g��l_fi_jZlmjb�ie�\db�f�kl�jha[ZeZgkh\m}lvky��gZ�ch]h�^�Z]hgZe��a¶y\ey}lvky�af�ggZ

gZijm]Z�� ydZ� i�^kbex}lvky� \mavdhFfm]h\bf� i�^kbex\Zq_f� lZ� ih^Z}lvky� gZ� kbgojhggbc

^_l_dlhj�� >ey� jh[hlb� kbgojhggh]h� ^_l_dlhjZ� \bijhf�g_ggy�� sh� iZ^Z}� gZ� [hehf_lj�

fh^mex}lvky�qZklhlhx����=p��py�`�qZklhlZ�ihklmiZ}���gZ�kbgojhggbc�^_l_dlhj�

>ey�jha^�e_ggy�nmgdp�c�ih]ebgZggy�_e_dljhfZ]g�lgh��_g_j]���lZ�j_Zdp���gZ�gZ]j�\Zggy

aZa\bqZc� \bdhjbklh\mxlv� kdeZ^_g�� qmleb\�� _e_f_glb�� gZijbdeZ^�� gZ� ie�\dm Al   gZghkblvky
ie�\dZ�Bi. Ih]ebgZggy�Bi�[ebavdh�^h� ����� lZ� keZ[h� aZe_`Zlv� \�^� qZklhlb�� a�^jm]h]h�[hdm�
ie�\dZ� Al � fZ}� ^m`_� \mavdbc� gZ^ijh\�^gbc� i_j_o�^� �� ∆T∼10-3K lZ� aZ[_ai_qm}� \bkhdbc

dh_n�p�}gl�i_j_l\hj_ggy�

>ey� a[�evr_ggy� qmleb\hkl�� qmleb\bc� _e_f_gl� dj�iblvky� ^h� l_jfhklZlZ� gZ� lhgdbo

g_cehgh\bo�gbldZo��ihkl�cgZ�qZkm�ijb�pvhfm�^hky]Z}����k�

Rmfb� gZ^ijh\�^gh]h� [hehf_ljZ� h[mfh\e_g�� l_jfh^bgZf�qgbfb� nemdlmZp�yfb

l_fi_jZlmjb� ie�\db� ijb� i_j_ghk�� l_iehlb� \�^� qmleb\h]h� _e_f_glm� ^h� l_jfhklZlm�

nemdlmZp�yfb� nhgh\h]h� \bijhf�gx\Zggy,� l_ieh\bf� ^`hgkhg�\kvdbf� rmfhf� ie�\db�

_e_dljbqgbfb� gZ\_^_ggyfb�� kl\hj_ggyf� [mev[Zrhd� ]_e�x�� =heh\gZ� ijbqbgZ� �

l_jfh^bgZf�qg�� nemdlmZp���� \hgZ� i_j_\bsm}� l_ieh\bc� rmf� ie�\db�� \bdebdZgbc� Zdlb\gbf

hihjhf� ie�\db� R�� A\bqZcgh� R� fZ}� \_ebqbgm� ^h� ^_d�evdho� ^_kyld�\� d�ehhf�� NemdlmZp��

\bijhf�g_ggy�mkm\Zxlvky�aZklhkm\Zggyf�hoheh^`m\Zgbo�n�evlj�\��<�pvhfm�\biZ^dm�ihjh]h\Z

qmleb\�klv� [hehf_ljZ� ( )3 N7 *
Q

≅ �
�

� ��

�� ^_� G� �� dh_n�p�}gl� l_ieh\h]h� a\’yadm� qmleb\h]h

_e_f_glm� a� l_jfhklZlhf�� KlZeZ� qZkm� \bagZqZ}lvky� ki�\\�^ghr_ggyf�� τ= C/G �� ^_� K -
l_ieh}fg�klv��A�mjZom\Zggyf�pvh]h� 3

Q
∼τ -1

��sh�i�^l\_j^^`m}�gZ\_^_g��\bs_�yd�kg��\bkgh\db�

AZjZa� kl\hj_g�� [hehf_ljb� a� 3
Q
∼10 -12-10 -14

�<l/=p1/2
� �� a�� klZehx� qZkm� τ∼10 -1-10 -4

� k�

Qmleb\�klv�kdeZ^_gh]h�[hehf_ljZ��ijh�ydbc�a]Z^m\Zehky�\bs_��^hky]Z}��⋅10-15
�<l�ijb�qZklhl�

fh^meyp�����=p��>ey�i�^\bs_ggy�r\b^dh^���[hehf_ljZ� �sh�ijb\h^blv�^h�\ljZlb�qmleb\hkl��

a[�evrm}lvky� dh_n�p�}gl� l_ieh\h]h� a\’yadm� ie�\db� a� l_jfhklZlhf�� qb� \hgZ� aZgmjx}lvky
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[_aihk_j_^gvh�\�j�^dbc�]_e�c�qb�Zahl��sh�aZ[_ai_qm}�_n_dlb\gbc�\�^\�^�l_ieZ�\�^�g_���KlZeZ

qZkm�lZdbo�[hehf_lj�\�af_grm}lvky�^h���
 -5-10 -10

�k��Z�� 3
Q
∼10 -2-10 -12

�<l/=p1/2.

L_hj_lbqgZ�f_`Z�qmleb\hkl�� ∼10-16 <l/=p1/2. ?d\�\Ze_glgZ�ihlm`g�klv�rmfm��gZ[eb`_gZ
^h� l_hj_lbqgh��f_`�� �� ����⋅10-15

�<l�=p
1/2, τ�  � ���fk_d���� hljbfZgZ� gZ� gZ^ijh\�^ghfm� [hehf_lj�� a

^`ha_nkhg�\kvdbf�dhglZdlhf�

�����Ie�\dh\��^_l_dlhjb�\bijhf�g_ggy

<bijhf�g_ggy�� sh� ih]ebgZ}lvky� m� ie�\p�� ijb\h^blv� ^h� \bgbdg_ggy� \bkhdhqZklhlgbo

kljmf�\��AZ�jZomghd�g_e�g�cghkl��<:O�ie�\db��^b\��jha^�e������p��kljmfb�[m^mlv�ijh^_l_dlh\Zg���

gZ�ie�\p��a¶y\blvky�j�agbpy�ihl_gp�Ze�\��<\Z`Zxqb��sh�qZklhlb�ω<<ω]j,�^ey�ZgZe�am�ie�\dh\h]h
^_l_dlhjZ�\bijhf�gx\Zggy�fh`gZ� kdhjbklZlbky� \bjZahf� ��������M�pvhfm� \biZ^dm�<:O�ie�\db

kbf_ljbqgZ���^ey�hljbfZggy�_n_dlm�^_l_dlm\Zggy�g_h[o�^gh�ijhimklblb�dj�av�ie�\dm�ihkl�cgbc

kljmf� af�s_ggy� 1af��I�^� ^�}x� \bkhdhqZklhlgh]h� kljmfm� � Icosωt� lZ� kljmfm� af�s_ggy� gZ� d�gpyo

ie�\db�a
y\ey}lvky�ihkl�cgZ�j�agbpy�ihl_gp�Ze�\��∆U=AIaf I
2
���^_�:�dhgklZglZ��ydm�fh`gZ�\bagZqblb

dhjbklmxqbkv�\bjZahf� ��������GZ�\�^f�gm�\�^�gZ^ijh\�^gh]h�[hehf_ljZ�ie�\dh\bc�^_l_dlhj�fZ}

dhjhldho\bevh\bc�ihj�]�ω∼ω]j��Ze_�fh`_�ijZpx\Zlb�m�rbjhd�c�h[eZkl��l_fi_jZlmj�L��ohq� �

fZ}� fZdkbfZevgm� qmleb\�klv� agh\� ijb� L→Ld�� KlZeZ� qZkm� ^_l_dlhjZ� τ \bagZqZ}lvky� l�evdb
_e_dljbqgbfb� iZjZf_ljZfb� ie�\db� �� ��� �g^mdlb\g�klx� lZ� hihjhf��Hkv� qhfm� ihkl�cgZ� qZkm

^_l_dlhjZ�e_]dh�^hky]Z}�agZq_ggy�τ∼10-8
�k���f_gr_.

<bo�^gZ� gZijm]Z� ^_l_dlhjm� a[�evrm}lvky� �a� ajhklZggyf� kljmfm� af�s_ggy� 1af�� 1kgm}

hilbfZevgZ� \_ebqbgZ� kljmfm� af�s_ggy�� sh� \bagZqZ}lvky� yd� qmleb\�klx� ^_l_dlhjZ�� lZd� �

\�^kmlg�klx� l_ieh\bo� i_j_\ZglZ`_gv�� yd�� ijb\h^ylv� ^h� g_kl�cdh�� jh[hlb� ^_l_dlhjZ�� >ey

j�aghfZg�lgbo� dhgkljmdp�c� ^_l_dlhj�\� agZq_ggy� 1af� kmll}\h� \�^j�agyxlvky� �\�^� khl_gv

f�djhZfi_j�^h�^_kyld�\�f�e�Zfi_j���h^gZd�\hgh� aZ\`^b�^hklZlgvh�\_ebd_��sh[�ijb\_klb�^h

agZqgh]h� ajhklZggy� rmf�\� lbim� ��f� m� ihj�\gygg�� a� \biZ^dhf� gZ^ijh\�^gh]h� [hehf_ljZ�
?dki_jbf_glZevgh� ihdZaZgh��sh� gZ� qZklhlZo�� f_grbo� ���� d=p��rmf� lbim� ��f� m� ie�\dh\bo
^_l_dlhjZo�}�^hf�gmxqbf��>ey�mkmg_ggy�\ieb\m�pvh]h�rmfm�g_h[o�^gh�fh^mex\Zlb�iZ^Zxq_

gZ� ^_l_dlhj� \bijhf�g_ggy� a� qZklhlhx� [�evr_� ���� d=p�� M� pvhfm� \biZ^dm� rmfh\�

oZjZdl_jbklbdb� ie�\dh\h]h� ^_l_dlhjm� [ebavd�� ^h� rmfh\bo� oZjZdl_jbklbd� gZ^ijh\�^gbo

[hehf_lj�\�

6.3. SIS - ijbeZ^b

M� jha^�e�� ���� [m\� jha]eygmlbc� h^bg� a�fh`eb\bo� ijhp_k�\� lmg_ex\Zggy� ghjfZevgbo

_e_dljhg�\��a�ih]ebgZggyf��nhlhg�\��^b\��jbk��������P_c��ijhp_k�fh`_�[mlb�\bdhjbklZgbc�^ey

^_l_dlm\Zggy�_e_dljhfZ]g�lgh]h�\bijhf�gx\Zggy�� �ijbeZ^b�gZ�hkgh\��pvh]h�_n_dlm� a\mlvky

SIS */ - ijbeZ^Zfb� <:O�SIS - i_j_oh^m�ah[jZ`_gZ�gZ�jbk��������[���\�kijhs_ghfm�\b]ey^��p_c

]jZn�d�ijb�T>0�ih\lhj_gh�gZ�jbk�� �����V0 - jh[hqZ�gZijm]Z��sh�ijbdeZ^_gZ�^h� dhglZdlm�� A

jbk�����^h[j_� \b^gh��sh�i�^� ^�}x�G<Q� \bijhf�g_ggy� kljmf� q_j_a� dhglZdlb� af�gx}lvky� gZ

\_ebqbgm� ∆I�� A\_jg_fh� m\Z]m� gZ� d\Zglh\bc� oZjZdl_j� jh[hlb� SIS� �� ijbeZ^�\�� P_� hkh[eb\h
ajhamf�eh��a�jha]ey^m�lmg_ex\Zggy�a�mqZklx�nhlhg�\�ijb�T=0��^b\��jbk��������GZijbdeZ^��ijb

9
H

K

H
= −
�∆ ω

� aZ� \�^kmlghkl�� \bijhf�g_ggy� kljmfm� g_fZ}� \aZ]Ze��� ebr_� ijbkmlg�klv

\bijhf�g_ggy��a��qZklhlhx��[�evrhx��aZ�ω��ijb\h^blv�^h�ch]h�ihy\b��A]�^gh�jbk��������Z���ijb
ih]ebgZgg�� dh`gh]h� nhlhgm� \bgbdZ}� h^bg� _e_dljhg� ijh\�^ghkl��� A\�^kb� ajhamf�eh�� sh

                                             
*/ SIS - superconductor  - insulator - superconductor.
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\_ebqbgZ� \bo�^gh]h� kljmfm� ∆I� [m^_

ijhihjp�cgZ� qbkem� nhlhg�\�� sh� [meb

ih]ebg_g��� lh[lh� ijhihjp�cgZ� ihlm`ghkl�

iZ^Zxqh]h� \bijhf�g_ggy�� =jZgbqg_� agZq_ggy

\�^]mdm� \�^ih\�^Z}� d\Zglh\�c� ]jZgbp�� =ω � H .
Ihjh]h\Z� qmleb\�klv� Pi� lZdh]h� ^_l_dlhjZ

h[f_`m}lvky� rmfhf� kljmfm� af�s_ggy�� <

d\Zglh\�c� ]jZgbp�� Pi ijhihjp�cgZ� dhj_gx

d\Z^jZlghfm� \�^� qbkeZ� nhlhg�\�� yd�� [meb

ih]ebg_g�� aZ� qZk�� sh� \�^ih\�^Z}� a\hjhlg�c

rbjbg�� kfm]b� ^_l_dlhjZ�� �� yd�� \bdebdZxlv

af�gm� kljmfm� \� ^_l_dlhj��� sh� ^hj�\gx}

k_j_^gvhfm� rmfh\hfm� kljmfh\��� >hky]gml_

agZq_ggy� � 3
Q
=2,6⋅10 –16 

�<l/=p1/2
�^ey� �qZklhlb

��� ==p� [ebavd_� ^h� d\Zglh\h�� ]jZgbp�� �� }

gZcdjZsbf� ^ey� ^_l_dlhj�\� f�e�f_ljh\h]h

^�ZiZahgm��QZklhlgbc�^�ZiZahg�SIS���^_l_dlhj�\
^hky]Z}�aZjZa�∼�����==p��\_ebqbgZ�\�^]mdm�ijb�pvhfm�lZdh`�[ebavdZ�^h�d\Zglh\h��]jZgbp���GZ
jbk������gZ\_^_gh�ihj�\gyggy�j�agh]h�lbim�^_l_dlhj�\�f�e�f_ljh\h]h�^�ZiZahgm�^h\`bg�o\bev�

M� \biZ^dm� gbavdbo� qZklhl� Vδω <= �� ^_� Vδ � �� rbjbgZ� h[eZkl�� ajhklZggy� kljmfm

ih[ebam�
�∆
H
��^b\��jbk�������lZ������\�^]md�SIS���^_l_dlhjZ�ijhihjp�cgbc�djmlbag��<:O��yd���m

a\bqZcgbo�gZi�\ijh\�^gbdh\bo�ijbeZ^�\�� AZ\^ydb� kbevg�c� g_e�g�cghkl�� �� \� ^Zghfm� \biZ^dm

iZjZf_ljb�^_l_dlhjZ�[ebavd��^h�]jZgbqgbo�

J�adZ� g_e�g�cg�klv� <:O� i_j_oh^�\

SIS \bdhjbklh\m}lvky� ^ey� kl\hj_ggy

af�rm\Zq�\� f�e�f_ljh\h]h� ^�ZiZahgm�

KihqZldm� SIS� �� i_j_o�^� \bdhjbklh\m\Z\ky
l�evdb� yd� g_e�g�cgbc� hi�j� aZ� ko_fhx

a\bqZcgh]h� deZkbqgh]h� af�rm\ZqZ�� M

pvhfm� \biZ^dm� ^ey� lmg_evgh]h� i_j_oh^m

Pb (Bi) [meb� hljbfZg�fZe�� \ljZlb

i_j_l\hj_ggy� �∼2 ^;��� Z� rmfh\Z� l_fi_�

jZlmjZ�kdeZ^ZeZ��±4 K��gZ�qZklhl�����==p��
I�ag�r_� l_hj_lbqgh� lZ� _dki_jbf_glZevgh

[meh� ihdZaZgh�� sh� \� j_amevlZl�� ijhp_km

lmg_ex\Zggy� a� ih]ebgZggyf� nhlhg�\

iZ^Zxqh]h�\bijhf�g_ggy��sh�\�^[m\Z}lvky

\� SIS, Vω δ>= �� \bo�^gbc� �fi_^Zgk� fh`_

ijbcfZlb� ^m`_� \_ebd�� agZq_ggy� � gZ\�lv
klZ}� \�^’}fgbf� �^b\�� gZ� jbk�� ����� �[�

^�eygdb� <:O�� sh� kiZ^Zxlv��� Ih^�[g�

_n_dlb�kihkl_j�]Zxlvky�ijb�af�s_gg���yd_

ljhob� f_gr_� aZ�
�∆
H
�� �� \� pvhfm� \biZ^dm� i_j_l\hj_ggy� kb]gZem� fh`_� \�^[m\Zlbky� a

i�^kbe_ggyf�� J_Ze�aZp�y� \_ebdbo� i�^kbe_gv� gZ� ijZdlbp�� ijb\h^blv� ^h� g_kl�cdh�� jh[hlb

ijbcfZqZ��Lhfm�gZc[�evr�\b]�^gbf�\by\b\ky�j_`bf�jh[hlb�a�lZdbf�i�^kbe_ggyf��ijb�ydhfm

rmfh\Z� l_fi_jZlmjZ� i�^kbex\ZqZ� ijhf�`gh�� qZklhlb�� sh� i_j_jZoh\ZgZ� ^h� af�rm\ZqZ�

\�^ih\�^Z}�j�\gx�rmfh\h��l_fi_jZlmjb�af�rm\ZqZ�TN��<�lZdhfm�j_`bf��gZ�SIS a�heh\Z�a�<:O
a� \_ebdhx� djmlbaghx� ijb� i�^kbe_gg�� ∼4 ^;� \^Zehky� ^hky]gmlb� agZq_ggy� TN=9±6 K� ^ey

Jbk����� <:O SIS - i_j_oh^m ijb T>0:
djb\Z � � [_a ^�� G<Q� djb\Z � � i�^ ^�}x

G<Q a qZklhlhx ω.

Jbk����� Rmfh\Z l_fi_jZlmjZ TN ^_l_dlhj�\
f�e�f_ljh\h]h ^�ZiZahgm� � � SIS�af�rm\Zq� ��

af�rm\Zq gZ GLGI >D� �� af�rm\Zq gZ ^�h^�

Rhlld� lZ GLGI [hehf_lj �^b\�§ 6.1).

 TN ,K

=ω = N7
1

1

2

3

104

103

102

101

100                           1000   f, ==p

I

∆I

1

2

=ω
H

V0      
�∆
H

           V
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qZklhlb� ��� ==p�� Af�rm\Zq�� gZ� SIS� hljbfZeb� rbjhd_� jhaih\kx^`_ggy� \� ki_dljhkdhi���

Zkljhghf����[�heh]���lZ�f_^bpbg���qZklhlgZ�h[eZklv� �o�\bdhjbklZggy� ����������==p��AgZq_ggy

TN�[ebavd_�^h�d\Zglh\h��]jZgbp�� =ω � N � ��ih�pvhfm�iZjZf_ljm�SIS�af�rm\Zq�� �i_j_\Z`Zxlv� �

af�rm\Zq�� gZ� hkgh\�� ^`ha_nkhg�\kvdbo� i_j_oh^�\�� �� gZ� hkgh\�� ^�h^�\� Rhlld��� AZ� k\h}x

qmleb\�klx� \hgb� ^hky]Zxlv� j�\gy� fZa_j�\�� jZahf� a� lbf� \hgb� }� [�evr� \bkhdhqZklhlg�� lZ

rbjhdhihehkg��� g�`� hklZgg��� QZklhlgbc� ^�ZiZahg� SIS� � af�rm\Zq�\� a� [hdm� \bkhdbo� qZklhl

h[f_`m}lvky� rmglmxqhx� ^�}x� \eZkgh�� }fghkl�� i_j_oh^m� lZ� ajhklZggyf� \g_kdm

^`ha_nkhg�\kvdh]h� rmfm� �a� a[�evr_ggyf� qZklhlb�� >ey� i�^\bs_ggy� jh[hqbo� qZklhl� }

i_jki_dlb\gbf� \bdhjbklZggy�<LGI�� yd��fZxlv�[�evrm� djblbqgm� l_fi_jZlmjm� lZ� \_ebqbgm

2∆.
SIS� �� dhglZdlb� }� i_jki_dlb\gbfb� ^ey� kl\hj_ggy� ljvhoihexkgbo� i�^kbex\Zevgbo

_e_dljhggbo�ijbeZ^�\���ZgZeh]�\�gZi�\ijh\�^gbdh\bo�ljZgabklhj�\��H^bg�a�lZdbo�ijbeZ^�\
**/

lZ�ch]h�\hevl�Zfi_jgZ�oZjZdl_jbklbdZ�ah[jZ`_g��gZ�jbk�������<:O�gZ�jbk�������[��h[mfh\e_g�

\ieb\hf� _n_dl�\� g_j�\gh\Z`gh�� gZ^ijh\�^ghkl�� �� ijb� �g`_dp��� ghjfZevgbo� _e_dljhg�\� \

gZ^ijh\�^gbd� \_ebqbgZ� ch]h� aZ[hjhg_gh�� ahgb� af_grm}lvky� q_j_a� l_�� sh� ajhklZ}� qbkeh

ghjfZevgbo� _e_dljhg�\�� sh� }� _d\�\Ze_glgbf� ajhklZggx� _d\�\Ze_glgh�� _e_dljhggh�

l_fi_jZlmjb�� LZdbf� qbghf� ijb� �g`_dp��� _e_dljhg�\� �a� gZijh\�^gbdZ� S1� \� S2� rbjbgZ

aZ[hjhg_gh��ahgb�hklZggvh]h�af_grm}lvky���]jZgbpy�kljb[dZ�kljmfm� ( )∆ ∆
� �

+ � H �af�sm}lvky

\�[�d�f_grbo�gZijm]�V��LZdbf�qbghf�ijb�gZy\ghkl��\o�^gh]h�kljmfm�I2≠0�\bo�^gZ�gZijm]Z�V
[m^_�af_grm\Zlbky���yd���\�ljZgabklhj���lml�fZ}�f�kp_��g\_jk�y�\bo�^gh]h�kb]gZem��Ijb�pvhfm

^hky]gmlh�i�^kbe_ggy� m�^_d�evdZ� ^_pb[_e�� ihkl�cgZ� qZkm� ���� gk�� \bljZlb� _g_j]��� \�∼103
� jZa

f_gr���g�`�p_�\bfZ]Z}lvky�^ey�gZi�\ijh\�^gbdh\h]h�ljZgabklhjZ�

                                             
**/  P_c ijbeZ^ hljbfZ\ gZa\m d\�l_jhg � quasiparticle-injection tunneling effect.

Z� [�

Jbk� ���� D\�l_jhg� ijbgpbi�ZevgZ ko_fZ �Z� lZ <:O i_j_oh^m S2 -S3 ijb I2=0 lZ I2≠0. S1,
S2, S3 �gZ^ijh\�^gbdb� yd� \�^hdj_fe_g� h^bg \�^ h^gh]h lmg_evgbfb dhglZdlZfb�

ijhahjbfb ^ey d\Za�qZklbghd� R
g
� hi�j gZ\ZglZ`_ggy� ∆2, ∆3 � rbjbgZ aZ[hjhg_gh� ahgb

\�^ih\�^gh gZijh\�^gbd�\ S2, S3.
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