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In this lecture

* Route I: superconductivity in historical order
— What is superconductivity?
— Theoretical description of superconductivity
— Josephson junction & its descriptions

* Route ll: mesoscopic superconductors from AR
— SC as a black box providing Andreev reflections (ARs)
— Bogoliubov de Genne (BdG) Hamiltonian
— Ground state of a metal with AR = BCS wavefunction
— Josephson junction & its theoretical descriptions

 Beyond the conventional s-wave superconductivity
— What there are under the carpet
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- Phenomenology
— Vanishing Resistance
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* Phenomenology

— Vanishing Resistance - —
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superconductivity in historical order

* Phenomenology

— Vanishing Resistance

Is a superconductor
merely an extremely
good conductor
(10~° Q was observed),
or is it a signature of a
thermodynamic phase
transition?
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* Phenomenology
— |s a perfect conductor all about the superconductivity?

Perfect conductor
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* Phenomenology
— |s a perfect conductor all about the superconductivity?

Perfect conductor

Apply B-field first,
before cooling down

Cool down later, p = 0

Final state @
Low temp. after B0
turning off B-field (@)
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* Phenomenology
— |s a perfect conductor all about the superconductivity?

Perfect conductor

Scenario B: it’s not a thermodynamic
phase, but a good conductor

it should depend only on the present =0 @ inpaeaiire ‘@{ H,
l (e)

thermodynamic variables (@)
(b) I
H' @ '.Umt:;'z“mu ‘@‘ H-
(c) (f)
Different Final states @ _— @ -
Low temp. after turning ‘
off B-field = o ©




Route I:
superconductivity in historical order

* Phenomenology
— |s a perfect conductor all about the superconductivity?

Scenario A: it’s a thermodynamic phase (superconductivity)

Y =

i (e) Apply B-field first,
ZFC .
| before cooling down
Cool down first, p = 0 |7® l,
b FC
_ | Cool down later, p = 0
Apply B-field later: It should ‘expel’ B-field!
magnetic flux is fixed "N
(c) (f)

Final state @ S@ @ 5 Final state @
Low temp. after , Low temp. after

turning off B-field (d) (9) turning off B-field
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* Phenomenology
— Superconductivity is a new thermodynamic phase
= Perfect conductor/diamagnetism
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* Phenomenology
— Superconductivity is a new thermodynamic phase
= Perfect conductor/diamagnetism

 New thermodynamic phase & its new ground state
— Condensation of Cooper pairs
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* Phenomenology
— Superconductivity is a new thermodynamic phase
= Perfect conductor/diamagnetism

 New thermodynamic phase & its new ground state
— Condensation of Cooper pairs
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* Phenomenology
— Superconductivity is a new thermodynamic phase
= Perfect conductor/diamagnetism

 New thermodynamic phase & its new ground state
— Condensation of Cooper pairs
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* Phenomenology
— Superconductivity is a new thermodynamic phase

= Perfect conductor/diamagnetism

 New thermodynamic phase & its new ground state
— Condensation of Cooper pairs

Empty
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* Phenomenology
— Superconductivity is a new thermodynamic phase
= Perfect conductor/diamagnetism

 New thermodynamic phase & its new ground state
— Condensation of Cooper pairs

Empty
1l (e e) (e e)

éuperconductor

. N |GS) = Condensation of
|. Giaever and K. Megerle, Phys. Rev. 122 1101 (1961). Copper pairs
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* Phenomenology
— Superconductivity is a new thermodynamic phase

= Perfect conductor/diamagnetism The SC gap should

 New thermodynamic phase & ity (1) be pinned at E;
— Condensation of Cooper pairs (2) appear as lowering T

— SC gap is a signature of the condensation
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* Phenomenology
— Superconductivity is a new thermodynamic phase
= Perfect conductor/diamagnetism

 New thermodynamic phase & its new ground state
— Condensation of Cooper pairs
— SC gap is a signature of the condensation

* Physical mechanism for SC
— Phonon-mediated attractive interaction
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The earth cannot bear two suns
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They like to hang
out together!
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* Phenomenology
— Superconductivity is a new thermodynamic phase
= Perfect conductor/diamagnetism

 New thermodynamic phase & its new ground state
— Condensation of Cooper pairs
— SC gap is a signature of the condensation

] _ T>T
* Physical mechanism for SC
— Phonon-mediated attractive interaction
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* Phenomenology
— Superconductivity is a new thermodynamic phase
= Perfect conductor/diamagnetism

 New thermodynamic phase & its new ground state
— Condensation of Cooper pairs
— SC gap is a signature of the condensation

] _ T>T
* Physical mechanism for SC
— Phonon-mediated attractive interaction
lons move slow, while Empty
electrons move fast
(e o) (e o
Superconductor

|GS) = Condensation of
Copper pairs
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* Phenomenology
— Superconductivity is a new thermodynamic phase
= Perfect conductor/diamagnetism

 New thermodynamic phase & its ground state
— Condensation of Cooper pairs
— SC gap is a signature of the condensation

] _ T>T
* Physical mechanism for SC
— Phonon-mediated attractive interaction
Empty
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o
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|GS) = Condensation of
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* Phenomenology
— Superconductivity is a new thermodynamic phase
= Perfect conductor/diamagnetism

 New thermodynamic phase & its new ground state
— Condensation of Cooper pairs
— SC gap is a signature of the condensation

* Physical mechanism for SC
— Phonon-mediated attractive interaction

« Spontaneous global U(1) symmetry breaking
— Particle number is uncertain and |®, N|~1

Order parameter,
(C’zk,'ra_k’l> = Aei(p
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* Phenomenology
— Superconductivity is a new thermodynamic phase
= Perfect conductor/diamagnetism

 New thermodynamic phase & its new ground state
— Condensation of Cooper pairs
— SC gap is a signature of the condensation

* Physical mechanism for SC
— Phonon-mediated attractive interaction

« Spontaneous global U(1) symmetry breaking
— Particle number is uncertain and |®, N|~1
— SC phase @ is a good dynamical variable

Macroscopic wavefunction for SCs
|®) = |0) + e'®|2e) + e?'®|4e) + -+

(unbreakable Cooper pairs, i.e., all relevant energy scales << A)

X Recall [£, k|~i and when k is a good g-#., |k) « [ e™*¥|x)
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 Theoretical description of superconductivity

— How to write ‘condensation of Cooper pairs’ mathematically
— Coherent state with infinitely many Bosons

la) < ap|0) + a;[1) + ay|2) + -
— But to occupy a single quantum number
|a) « Z?:oj—n—! n)
or equivalently defined by dl|a) = a|a)

ala) Macroscopic wavefunction remains the

R same for extracting a single particle
= d(ap|0) + aq]|1) + ay|2) + -+ ) - ,

% T've pulled out ONE COIN..
and the darn bag is STILL
comp|e+ely Full ! Remarkable

—O+a1\/—|0)+a2\/_|1)+
\/_|1)+
= a(IO) + a|1) + - ) = ala)

i| THE SITUATION: EXACTLY THE SAME! ~— ~
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 Theoretical description of superconductivity

— How to write ‘condensation of Cooper pairs’ mathematically
— Coherent state with infinitely many Bosons

la) < agl0) + a;|1) + ay|2) + -
— But to occupy a single quantum number
|a) « Z?{’:o% n)
or equivalently defined by dl|a) = a|a)
— if N-1=N, N=? Then what about N+1=7

4 Bose-Einstein Condensate

P
0.10 Coherent state \Aﬁ
(alP S
ol <n>= 25.2 \(1| |(1> -------------------- A )<
=|a/sind P o R
0.05 | FEIN =~ 20 sk |al e
"“Aﬂ M k
0.00 =2t AL Koo mttn® .
0 20 40 60 >
Photon number n (@ XJoay X
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« What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs

Coherent state of a boson

@) o B0 1) = £ = j0) =

ea&”o)

Recall the undergraduate QM

atln)
at|o)
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« What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs

Coherent state of ) )
a Cooper pair |FS) = 1_[ d;yo) E — Ef
\ k<kF

Use P} = d} dTf,  instead at
e %L |0)
_ [1 b agdfydty, + B ]|o>
= (1+ ayd},d, ,)0)

IBCS) = [T (ux + vkdk’Tdik’ ,)10)

Fermi Sea
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« What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs

Coherent state of at
a Cooper pair [FS) = 1_[ d;.10)

k<kg

pt _ 5t gt -
Use P, =d, d',  instead a'

e“kplj O)

ai'S are unknowns 10)

= [1 + akc?,t
_V sz

= [T (uge + vkalt,Taik,l)lo

Uy, Vi are unknowns

|BCS)
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 What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs
— Apply variational method (as we have a trial wavefunction!)

A a1 S
A= ) &dfdi+s » Vk=@df,d",,d pd

’7\ k:q,aa'J\

&, = €, — Eg, e —q0
k _knzkz F \O >
e.g., & = w — Eg
Phonon
O
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 What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs
— Apply variational method (as we have a trial wavefunction!)

= - - 1 ~ ~ ~ ~
H — 2 fkd’to.dko- + E 2 V(k - q)d’-l;O'diqo"d—kO"dko-
k,o=11 k.q,0,0'
Now, minimize E = (BCS|H|BCS)
E = 2% &klvel® + Xp g Vugugug v
= 2 Yk &klvel® + Zk,qV|uq||Uq||uk||vk|€i(‘p"_‘p") [l + |vil® = 1
=2 Y & cos? O + Dik,q V Sin 04 cos 6, sin 6 cos 6y, ei(Pk=0q)
=2 Y & cos? 0 + %Zk'q V sin 26, sin 20y ei(Pk=9q)

SE SE |ug| = sin 6y,
— =0 & |vy| = cos 0

Spp 56y (0< 6 <7)

P = arg{u, vy}
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 What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs
— Apply variational method (as we have a trial wavefunction!)

OF

Soy =017 0 gy | V- Dl e e

= ieqV (e - q)luqllvqlluknvkwel(“ ?a)

_ o S S (@—

- qu e!(Pk=0q) (15_<pl; - l5_€0;) B lzk ek g0")(51?,k - 5p,q)

= i %, V® = Dlug| vl v ¥r=00)
_leV(k p)lup” |Iuk||vk|e‘(‘Pk QDP)
=—22qV(p— Q)luq””q”up”” |Sm(‘Pp QDq)

0= z V(p — q) sin 26, sin 26, sin(gop — qaq)
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« What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs
— Apply variational method (as we have a trial wavefunction!)

5F | |
5—% =0 & sin 26, z V(p — q)sin26, sm(cp/p— goq) =0
/L J
|ug| = sin 0y & |vg| = cos 6y, Hence, sin(¢, — ¢,) =0

(0 <6, < g) for all g’s for a given p, i.e.,
V(p—q)sin29q>00r Qop_(pq:()

V(p — q)sin26, < 0forallp,q Note: ¢, — ¢, = m is not an

option due to single-valuedness
of ¢,. (Assume ¢, = ¢4 + 7.
This yields ¢, # ¢, if ¢ = p)
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« What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs
— Apply variational method (as we have a trial wavefunction!)

oE . . .
—— =0&sin26, z V(p — q)sin26, sm(cpp — goq) =0
q

0Py
All electrons at k’s share J

an identical global phase ¢, L fo':ZrﬂC;; S;:r(fgpg;/ ;P:ljg

which can be arbitrary. \k(p — g, =0
P q —

BCS) = [le(ine + vidi dZ JI00 1| Morein o0 e nore
~ oAt A ion du ingle-valu
= [(luxl + |vk|eupdk,Td—k,l)|0) of ¢,. (Assume ¢, = ¢, + .

= Hk(lukl + |vk|a]t,7aik,l)|0> This yields ¢, # ¢, if q = p)

(by doing '/ 2&,10 > c?,‘:,a)
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« What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs
— Apply variational method (as we have a trial wavefunction!)
OFE
5_91’ —

0| —2&,sin 26, + cos 26, z Vip —q)sin26, =0
q

V(p—q) sin 26 A
S tan 260, = ), p-a)sin26q _ _ Ly

ZEp EP
o _ 1 tan? 26
e A, = —EZq V(ip—q)sin26, = — EZCI Vik— q)\/1+tan2 279q
1 Ag/|E . A
— _EZ‘I V(k — q) — dl (using tan 26, = _E_:

\/1+(Aq/5q)2

BCS gap equation

A
= —%ZV(p—q) )
q /53 + AF at T=0
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« What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs
— Apply variational method (as we have a trial wavefunction!)

. __qu(k q) A,/ /gq + A2 4 Zero temp. result!

Let us examine a little bit more about A, = —Ezq V(k—q)

Ak:_%zqy(k_q) =Y &C0528k=—§
AN
u,2(=sin29k=1(1—c0528k)——(1+€'I‘;) A
_ __P
k—cos 0k=—(1+c0520k)— (1_%) tan 26, = $p

Finally,

IBCS) = Hk(uk + vidy 1dT, )10)
is determined.
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« What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs
— Apply variational method (as we have a trial wavefunction!)

. __qu(k q) A,/ /fq + A2 4 Zero temp. result!

Let us examine more about [BCS) = [T, (ux + vid; ,dT, )10
up = sin? 6, = l(1 — c0s 20;,) = —(1 + 5")

Ek 2 :'
v |
vj = COS 9k——(1+co529k)_ (1_2_12) ﬁf

A

E — Eg k<kp| || k> kg
kg ¢k >0 ) J/L
k u :

1 2 3
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« What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs
— Apply variational method (as we have a trial wavefunction!)

. __qu(k q) A,/ /fq + A2 4 Zero temp. result!

Let us examine more about |BCS) = [T, (uy + vkdk,Tdik,l)l())

Vi f
k<kp | | k> ke
/1
u; JL

1 2 3
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« What Bardeen-Cooper-Schrieffer (BCS) tried
— They wrote down a (trial) BCS wavefunction
as a coherent state of Cooper pairs
— Apply variational method (as we have a trial wavefunction!)

Ay = _%qu(k —q) Aq/ g‘% + A?, 4 Zero temp. result!

Let us examine more about [BCS) = [T, (w + vid},d,,)I0)

k> kp
/.
12 J

S
Il
-+
=

Il

S <
&N &N TTN TTN
[+ [+
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Let us examine more about [BCS) = [T, (uy + vid),d’ ;. ,)10)
|IBCS) = (u_2 + v_zcﬁmd;l)(u_l + v_lcﬁmc?il)

x (uq + V1aI,Tdi1,¢) (uz + UZag,Taiz,l)l())
= (Gridled) G+idudl) G+3dldl,)

X G + id;ﬁdiz,i) |O_2,T, 0-24,0-11,0-11011,09,057, 02,i>

N

Typo.! Square roots for
u & v’s are omitted
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Let us examine more about [BCS) = [T, (uy + vd},d’ ;. ,)10)
IBCS) = (u—y +v_pd",,ds ) (uoq +v_qdl,1d])
x (uy +vydl1dl, ) (ug + v,dl,dT, )10)

3 14t 5
X (Z + " dZ,TdiZ,l) |0—2,T' O—Z,l' 0_1,’[; 0—1,l01,T) Ol,lOZ,T' OZ,i)

X G 10) + % 154,154 ))
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Let us examine more about [BCS) = [T, (uy + vid),d’ ;. ,)10)
|BCS> = (u_z + v_zcﬁmcz;l)(u_l + U_ldil,»rail)
X (uy + vodi dl ) ) (uy + vodi,dl, |)10)

X G 10) + % [1-240 121 ))
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Let us examine more about [BCS) = [T, (uy + vid),d ;. ,)10)
|IBCS) = (u_z + v_zciima;,l)(uq + V—laL,TaL)

X (ug + vldiTcﬁLl) (uy + vzd;ﬁcﬁzll)m)

o Reaadie L
G + 2 diijd;r,l) G + %dimdh) G + %dI,Tdil,l)
3 1

X (Z 10) + " 1151, 154 ))

GH3dhad],) (5 +3d0,d0)

2
(100 + 51100 1) + 52 1o Tag) + 512 o ap 1o )
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Let us examine more about [BCS) = [T, (uy + vid),d ;. ,)10)
|IBCS) = (u_z + v_zcﬁm&;l)(u_l + v_lcﬁmcih)
X (ug + vldiTcﬁu) (uy + vszTaTZl)IO)
(G+3d0a0dhs) G+ 3d00dl,) G+ diadlsy)
x 210y +3 1250151 )
(i +31850d0) (G +30u0dl)
X (5—2 0) + 412 120121 ) + j—i 110 1a1) + 4—12 120190110 127 ))

N

O-electrons 2-electrons 4-electrons
=0-CP =1-CP =2-CP
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Let us examine more about [BCS) = [T, (uy + vid},d’ ;. ,)10)
IBCS) = (u_, + v_zcﬁmd;i)(u_l + v_ldimail)

X (uy + vidi dl ) (uy + vodi,dT, |)10)
= (G +3dld,) G+3dlidl)

2
< (Z10)+ 120 Lo )+ 5 [an La) + 5 Lo s Tan L))
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Let us examine more about [BCS) = [T, (uy + vid} ,d’ ;. ,)10)
|IBCS) = (u_z + U—zaimd;i)(uq + U—ﬁLﬁ‘ﬁ,L)
X (u1 + UlaI,Tdil’l) (Uz + vza;’Taizll)l())
(§.|_ dTZTd )(1 + Scﬁﬁcﬂ )
(2100 + A 10150 )+ S 1 ) + 5 (1 Ls T 12 )
3 14t 4
= (3+3dt,,d))
X
2
43_3 0) + 4_13 120127 ) + % 110 110) + 4_13 120 110 1an 1)
T NS T X St C USRS PPUE DRE P iy [ G SNS DOE T
43 -1,7 41,4 43 —2,b4i=-a1T 41427 43 -1, 4+-10 1,1 41,1

3
+ 210 1o 1oy T 1y Doy )
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Let us examine more about [BCS) = [T, (uy + vid} ,d’ ;. ,)10)
LBCS)==(u_z4-v-zai2ﬁd;J)(u-14‘”—1di1na14)
X (uy + vlc?I,TdL’l) (u, + vza;}aiz,l)lm
- G + icﬁm&;ﬂl) (l +2dt, Tél* )
X(i|0>+§|1—z,L»12T> |1 1,0 110) +

42
_ (3,15t 5t
= (4 +2d 544, L) 1-CP
X
3 1
=10+ 5 {1 =11 1i1) 4

3 |1 2, 1111015 T> 23 |1—1,T» 110140, 11,L>
t5 =1 LU NPT NPT PR P PR
3-CP
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X

Let us examine more about [BCS) = [T, (uy + vid},d ;. ,)10)
_ (3,145t 5t
BCS) = (3 +5dT,,d1))

2
43_3 0) + 4_13 120127 ) + % 110 110) + 4_13 120 110 1an 127 )

> 3
+ 22100 L) + 5120 Loan a0 o) + 25 1o ogn o 1)

3
TR F U NP PR PP PR PY S
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|IBCS)
2 3

3
|0>+ |1—2¢»12T)+ |1 1¢»11T>+ |1 2,0 1 1L»11T:12T)
32 34
44|1 1T;11¢)+ s|1-20, 12 1T»11l»12T)+ i DURR Y SRR ER )
32
44|1—2l11 1T'1 1l'11T'11l'12T>
1 32
44|1 2T:12L>+ c|1on 100,150, 15,) + 4|1—2,T»1—1,l»11,T»12,l)
32
44|1 o 1_g, 1 1i»11T»12T:12L)+ |1—2T:1 1T:11L»12¢>
33
44|1 o121, 1 1T:11L»12T»12l>+ |1 on ol 10,10, 15))

tallenlondanl vl 11510, 10,)




Route I:
superconductivity in historical order

32
[BCS) = 23 10)

3
T 43_4 1oy 1) + i_4 |10 110) + 414 121, 12.) + 4% 1120 121)

2 4
+ 43—4 115,140,150, 150 ) + 2—4 115,190,150, 1210) + % |1_10 10,150, 10)

2 2
+ 1o oo Ton 1a0) + 55 [1ean 1oan Lun o0} + 5 [ 1o m Logn 1as, 1a0)

32 1
t2 11 o0 1oan 1og g, 10, 1y, 10 ) + w SIS B SR PR W PRV PR

3 33
talonlonlan Ly Lo o)+ 5[ 1an 1oan 1oy 1ap 1y, 1oy)

3
+ 24 |1—2,T» 1019010101010, 12,l) 0 = {1/4 (k < kg)
Y _3g. 1 71 3/4 (k > kg)
k=12 = 7 ¢ Vg=42 = 7 €
i Ay, = /AU <kp)
Up=11 = 7 & Vk=41 = 3/4 (k > kg)




Route I-

superconductivity in historical order

32
[BCS) =5 [0)

3
+ 1o 1) + 2_4 [1_10 117) + 414 121, 121) + 414 1120 127)
2 4
1o 1gu i 1ap) + % 120 10 1y 1g0) + % [11m 10 1 10)

32 32
tollonlonlon o) + 5 [1an 1an lin 1og) + 5 1o 1oap 11y, 1ay)

1
+alonlan 1y, lin Ly lon) |1 1o 100, 1ap, 10, 154)

+— 1—2,T1 1—2,lt 1—1,Tr 1—1,l' 11,Tr 11,l' 12,Tr 12,l>

What happens A — 0 limits?

e =) 3/4 (k> kp) N\ Mk T

o = 1/4 (k < k) _
k=13/4 (k > ky) Vk =

5 {1/4 (k < kg) N

(0 (k < kg)

11 (k > kg)
j1 (k < kg)

0 (k> kg)

33
+olonlonlanln lon o) + 52 1an Lo 1ogy 1ap 10, 1o4)

k> ke




Route I-

superconductivity in historical order

limpo IBCS) = 141,114,119, 15,) = |FS)

> |1/4 (k <kp)
Yie =) 3/4 (k> ky)
{1/4 (k < kg)

2 __
Yk T13/4 (k > kp)

U =

Vg =

k> ke




Route I:
superconductivity in historical order

32
BCS) = 2 |0)
e 3 3
2l L) + 21 g + 5 |1on 1o0) + 5|1 20 1a1)
32 34
+— (120,121,114, 151 ) T |1—2,l: 1_91 114, 12,T> t |1—1,T: 1315141, 11,¢>
32 32
+o 1o lonlon o) + 5 1o 1g Lin 1) + 5312 1oan 1as, 124)
1
+— (120110120, 110,14, 151 ) T2 |1—2,T» 15,1 1,,110,150, 12,¢>

33
+olonlonlanlulon o) + 52 1an Lo 1ogy 1an 100, 1o4)

+ =101z 1 1y, 1 1y, 100, 15
What happens A — oo limits?

— Particle number is uncertain and [, N|~1
— SC phase @ is a good dynamical variable

Macroscopic wavefunction for SCs
(@) = |0) + e'?|2e) + e?'?|4e) + ---

(unbreakable Cooper pairs, i.e., all relevant energy scales << 4)




Route I:
superconductivity in historical order

32
BCS) = 2 10)
33 3 3
2l L) + 51 Lag) + 5 |1on 1o0) + 5 |120 1a1)
32 3*
+oallan 1 lin o) + 2|l u 1an Lon Ton) + 53 1oan 1o 1o 1a)
32 32
tollonlonlon o) + 5 [1an 1an lin 1og) + 5 1o 1oap 11y, 1ay)
1
+ 2l lau i L 1o ) 45 [ 1an 1o 1ogy 1ap 1o, 120)

33
+olonlonlanln lon o) + 52 1an Lo 1ogy 1ap 10, 1o4)

+— 1—2,T' 1—2,l' 1—1,Tr 1—1,li 11,Tr 11,li 12,Tr 12,l>
What happens A — oo limits?

u,2(=1<1+ k )—)1

_(1/4 (k < kg) 2 2 2] 2

uj _{3/4(k>kFF) i + B

2 ={1;4Ek<kl:; . =%<1_ Sk _)%
3/4 (k > kg /513+Ai




Route I:
superconductivity in historical order

. 1\4 :
lim |BCS) = (Ti) [10) 0-Cooper pair

A—o00

+(1_11, 11,l> + |1—1,l; 11,T> + |1—2,T; 12,l> + |1—2,¢; 151 ) 1-Cooper pair

2-Cooper pairs

(1 20,1 11,110,157 ) + |1—2,l: 1_1114,, 12,T> + |1—1,Tr 114,141, 11,¢>
+H1 21,15, 150, 12,¢) + |1—2,T; 140100, 12,¢> + |1—2,T: 1_1114, 12,¢>

H1 5,190,101, 110,11, 154 ) +|1—2,T» 1 50,19, 1:0,150, 12,l)
H 1 o1 2,1 9017,150, 12,¢> + |1—2,T» 19019, 100, 1y, 12,l)
3-Cooper pairs

H1 o 10 1ogn 1ogn 1 1y 1o, 12,4)] 4-Cooper pairs

Check the normalization

Y 1 Y 1 Y 1 Y 1 T
2 2 2 2 2] 24

0-CP 1-CP 2-CP 3-CP 4-CP
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superconductivity in historical order

: (14
lim [BCS) = () [10) 0¢) 2e)
(1o L) + 1 1ogs Lg) + 1o o) + (1250, 151 ) 1(e5972) T
de
‘l'(ll—z,L» 1405110151 ) + |1—2,l» 11114, 12,T> + |1—1,T» 14,141, 11,L>
. 4
+|1—2,Tr 1—2,~Lr 12,T) 12,l) + |1—2,T1 1—1,J,1 11,T1 12,l> + |1—2,T; 1—1,T; 11,l; 12,l))(\el(p/2)

+( 120 1oap 1o, L L 1on ) +H1oan 1oa 1o i g, 10, 1)
SN
H1on 1o 1oan 1y 1on 1) + | 1ogn 1ogn, 1ogy, 10p, 1y, 15 )(e7972)

. 8 |6e)
H1 o015, 1 001y, 10, 10y, 151, 15 )(e2%/2) ]

|8e)

Previously, we did
IBCS) = M (lukl + lviele’®d},dl, )I0)

= T, (lug] + Ivkld,‘:,@ik,l)lO)
(by doing eiw/za;c, N &,*w)

' 5t ip/2 5T
Doing reverse d; , = e'¥/°d; ;




Route I:
superconductivity in historical order

Macroscopic wavefunction for SCs
|p) = 10) + e'?|2e) + e%1¥|4e) + -

(unbreakable Cooper pairs, i.e., all relevant energy scales << A)

N=4

lim |BCS) = z e?|2ne) = |¢)

A—> o0
n=0

— Particle number can be uncertain and [@, i]~1

— For |p), SC phase ¢ is a good dynamical variable
— For |p), SC phase i is infinitely uncertain

Additional note
— | ) is for bulk superconductors (no energy cost for many electrons)
— When SC is small & charge energy matters,
another energy minimizing superposition of Cooper pairs
Is the ground state of the small superconductor




Route I:
superconductivity in historical order

 What BCS theory provides
— Excitation spectrum (Bogoliubov quasiparticle)
— SC gap as a function of temperature & 2A(0) =~ 3.53kgzT,
— Partition function as a function of temperature,

predicting heat capacity, AC = 1.43yT. & C, o< e ~2/ksT

— |sotope effect; T, « M~1/2
— Meissner effect & H? = 4N (0)A?
— and so many!

o — INDIUM E ( k )
A-TIN 2 i
10f==== ~oph=== - 8- 220=~0.F000__§ '53-%00 ¢~ LEAD | | | _ _
o Tteo A | | |
‘ BCS THEORY——3a0
" ! ! !
o ~ 04
¥ 6 o L

J °
%
oA . .
A A

n [ | . .

2 H | | |
1} 0 ] p )

) - 4 ' B

T/Tg

—
—
-

[ S
o
5



Route I:
superconductivity in historical order

« Josephson junction & its descriptions

) Pr

[~
Superconductor l Superconductor

— In superconductor with vanishing phase uncertainty,
charge can fluctuate indefinitely, N-1 = N & N+1 = N.

Hyoc ) (N = 1DN| ® INy + 1N, | + hoc.)
Ny,N;

— |GS) = |@;) ® |¢,) before making contact |
= |GS) after making the contact, where |p) = Y%, e |n)
— Josephson energy = (GS|H,|GS) « cos(p, — ¢;)

(Zuv - 1><1v|) )= )  eimPln—1)=eiv ) elDepn—1) = ¢iv|g)
N n=0 n=0

— Current operator, J o i Yy, (IN; = IXN;| & [N, + 1X{N,| — h.c)

/ Applicable for finite A if A is
the largest energy scale, e.g.,
slow & small electrical bias

Pair current =(GS|f|GS) « sin(¢, — ¢;)
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superconductivity in historical order

« Josephson junction & its descriptions

) Pr

[~
Superconductor l Superconductor

— In superconductor with vanishing phase uncertainty,
charge can fluctuate indefinitely, N-1 = N & N+1 = N.

Hyoc ) (N = 1DN| ® INy + 1N, | + hoc.)
Ny,N;

— |GS) = |@;) ® |¢,) before making contact |
= |GS) after making the contact, where |p) = Y%, e |n)
— Josephson energy = (GS|H,|GS) « cos(p, — ¢;)

(Zuv - 1><1v|) )= )  eimPln—1)=eiv ) elDepn—1) = ¢iv|g)
N n=0 n=0

— Current operator, J o i Yy, (IN; = IXN;| & [N, + 1X{N,| — h.c)

/ Applicable for finite A if A is
the largest energy scale, e.g.,
slow & small electrical bias

Pair current =(GS|f|GS) « sin(¢, — ¢;)




Route I:
superconductivity in historical order

+ Josephson effect
— In superconductor with vanishing phase uncertainty,
charge can fluctuate indefinitely, N-1 = N & N+1 = N.

Hyoc ) (N + DN = 1] + hic.)
NT'JNl

— |GS) = |¢;) ® |p,) with the contact

— Josephson energy = (GS|H,|GS) « cos(¢, — ¢;)

— Pair current = (GS|/|GS) « sin(¢, — ¢;)

— In SC, two process can interfere, differently from normal metals

SC = pure ensemble V.S. Normal metal £t £

P =|A+ B|? = mixed e : ee
= ensemble N\
rconductor
Supe c(cp> ducto . Superc;nductor P = |A|% + |B|?
l r

i) = |L;) @ |R:)



Route |-

superconductivity in historical order

* a.c. Josephson effect without superconductivity
— Quantum interference in Mach-Zehnder interferometry

t<<TF

0.25

0.2

0.15

0.1

0.05

0.00

Iy (e/7F)

o N A O @

—

Half the superconducting
Josephson frequency, f = e*},/h

B. Gaury, J. Weston, & X. Waintal, The a.c.
Josephson effect without superconductivity,
Nat. Commun. 6, 6524 (2015).
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superconductivity in historical order

 The 15t and 2"? Josephson relations Josephson effect
[, = 1.sin¢@ (weak-link current-phase relation)
— Physical origin: quantum interference of Cooper pair tunneling

@'(t) = e*V(t)/h (SC phase evolution)
— Physical origin: energy difference between superconductors

 Widely used theoretical models
— Resistively and Capacitively Shunted Junction (RCSJ model)

R -

VVV With AC Josephson effect v(t) = h de
@» i ] (t) _ @ 2e dt
c . =r _

do .
—, +Icsin @(t)

Phenomenological circuit =

for Josephson junctions 2€Rn
W. C. Stewart, Current-Voltage Characteristics of Josephson junctions,
Appl. Phys. Lett. 12, 277 (1968).



Route I:
superconductivity in historical order

 Widely used theoretical models
— Number-phase representation of BCS state

0 2T
— ein®n In) = dg e~"?/2|BCS)
0)=) i~ m=

Detailed discussion: P. W. Anderson, Rev. Mod. Phys. 38, 298 (1966).
Textbook introduction: M. Tinkham, Infroduction to Superconductivity,

McGraw-Hill, 2nd ed., p.256 (1996).
— Frequenctly used to describe qubits

Superconducting Qubit Archetypes 1>/

Type Charge qubit RF-SQUID qubit (prototype of the Flux Qubit) Phase qubit
Aspect geq q p P q
Cirmmmees :
I t Charge qubit circuit. A
superconducting island Flux qubit circuit. A =
(_ﬁ‘”(i_fflﬂd with a dashed superconducting loop with
line) is defined betw inductance L is interrupted by a
the leads of a capacitor junction with Josephson energy E.. Phase qubit circuit. A Josephson =
with capacitance C and a Bias flux & is induced by a flux line junction with energy parameter Ey
Josephson junction with with current Ip. is biased by current Iy.
energy F; biased by
ltage U.
H=E¢(N - N,)? - Ejcos¢
In this case N is the number of
Cooper pairs to tunnel through the & & 2 ¢’z o9
junction, Ny = CV; /2eisthe H=—+ (2—) YA Ejcos |:q5 - ‘I’?] ,
e 2Cs T 0 (2¢)? , B,
charge on the capacitor in units of H= —Iy—¢—Ejcos¢
Hamiltonian | cooper pairs number, Note that ¢ is only allowed to take values greater 2C; 2m




Route I:
superconductivity in historical order

* Andreev reflection
— particle-hole conversion

N S

A. F. Andreev, The Thermal Conductivity of the Intermediate State of

7 yrs later after

Superconductors, Soviet Physics JETP 19, 1228 (1964)
i BCS theory




Route Il-
mesoscopic superconductors as a black
box providing Andreev reflection (AR)

BCS
wavefunction

. Andreev
LSuperconductMtyJ [ reflection j




Route ll:
mesoscopic superconductors from AR

« Our starting point: Andreev reflection (AR)

‘Superconductivity is something providing AR’

& we don'’t have to be involved with many-body physics

N

?

Some material
/K/ providing AR

/ﬁ;,{*




Route lI:

mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals

E—EF A

N\

In momentum space

In real space

Ground state = Fermi sea (FS)

Fsy=| [ afio)

k<kg
(net momentum = 0)




Route lI:

mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals

E—EF A

N\

In momentum space

Excited state w/ a particle
k) = df. . IFS)

(net momentum = hk)

In real space




Route ll:
mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
E — EF 4 E — EF A

Excitation spectrum _ _
~ Excited state in energy by

e(k) [t T e(k) & momentum by ik
k k

—kp ke
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mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
E — EF 4 E — EF A

Excitation spectrum _ _
t Excited state in energy by

O e(k) & momentum by ak
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mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
E — EF 4 E — EF A

Excitation spectrum : _
t Excited state in energy by

O e(k) & momentum by ak

@ O

—kp ke
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mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
E — EF 4 E — EF A

Excitation spectrum : _
t Excited state in energy by

O O e(k) & momentum by hk




Route lI:

mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals

E—EF A

N\

In momentum space

In real space

Excited state w/ a hold
k) = dy<iy |FS)

(net momentum = —hk)




Route ll:
mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
E — EF 4 E — EF A

Excitation spectrum _ _
t Excited state in energy by

O e(k) & momentum by —hk

O

O O
O - k
—kg kg
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mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
E — EF 4 E — EF A

Excitation spectrum

Excited state in energy by
O O e(k) & momentum by —hk
O@® O
O k
N\
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mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
E — EF 4 E — EF A

Excitation spectrum _ _
t Excited state in energy by

O O O e(k) & momentum by —hk

00 O

—kp ke




Route ll:
mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
E — EF 4 E — EF A

Exmtatlon spectrum _ _
Excited state in energy by

O O‘ O e(k) & momentum by —#k

OO O

—kF ke




Route lI:

mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals

E—EF A

Excitation spectrum

O O O
O{QO O

E_EF 4

Excited state in energy by
e(k) & momentum by —nk




Route ll:
mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
E — EF 4

Excitation spectrum

00’ T OO
O - O—k




Route lI:

mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals

E—EF A

Excitation spectrum

Ground state = Fermi sea (FS)

Fsy= | [ afio)

k<kg

FS = the state with a
completely empty excitation
spegtrum

__—/

Limited to a spinless case
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mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals




Route ll:
mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
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mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
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mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
The Bogoliubov-de Genne (BdG) Hamiltonian

= (E(k)o_ N —e(—l?) + EF)

Vacuum of BdG Hamiltonian
GS H
lvac) = I d_; ,10)
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 Particle & Hole excitations in normal metals
E — EF A T

?

v X

l/ Some material
/ ;4 providing AR

Excitation spectrum
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mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals
E — EF A T

?

v X

l/ Some material
/ ;4 providing AR

Excitation spectrum




Route ll:
mesoscopic superconductors from AR

 Particle & Hole excitations in normal metals

i
/é’/,/' Some material

-~
.

/ ¥ providing AR
Excitation spectrum Hamiltonian should include
1 e-h hybridization. Otherwise,
AR is not allowed.




Route ll:
mesoscopic superconductors from AR

* A system with e-h hybridization

_ E(k) o EF U . Ek Aei‘p
= ( U* —e(—k) + EF) B (Ae‘w —€k>

— Eigenenergies: +E;, = i\/f,% + A2
A

+E,

—E, Ground state of a system

with e-h hybridization

= the state filling the
spectrum —E,




Route ll:
mesoscopic superconductors from AR

* A system with e-h hybridization
(E(k) — EF U ) & Ae'?
H = " = )
U —e(—k) + Ep Ae ' &,
> Corresponding single-particle states
|+E)) = Cos—le k,T) + e ¢ sm—|h —k, 1) | ana, =EA
k
—F —e“Psm— ek, T +cos— h—k,1
|2 6kk> | ) - | ) +E,)
sin® = —(1 —cos0,;,) = —( _E_k)
2 Ok
cos? Y (1 + cos8,,) = (1 + ";")

Recall that
uf =2 (1+%) &g =2 (1-3%)

<Y
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mesoscopic superconductors from AR

The ground state of a system with e-h hybridization
— the state filling the spectrum —E;,

|— Ek) —e'Pvyle, k, T)+uk|h,—k,l)
<=>C —ukd kl—e‘”vkd

|GS) = 1_[ ¢l vac) = l_[(ukd_k,l — ei%kd,tﬁ)aikﬂm

+E, Vac of BdG Hamiltonian
vac) = [[, d’, ,10)

Ground state of a system
with e-h hybridization
< = the state filling the
spectrum —E,




Route ll:
mesoscopic superconductors from AR

 The ground state of a system with e-h hybridization
— the state filling the spectrum —Ej,

I—Ek) —e'Pvyle, k, 1) +uk|h,—k, )
@C —ukd kl—e‘”vkd

|GS) = HCJrlvac) H(ukd kl—e“kad T)aik,l|o>

_[(ukd_k,ld_k,l e@vdf dt, )10)
k

- _ st ot We did e'?/2d} w id} .
_[(uk — e“/’vkdk’Td_k,l)IO) Recall that |BCS)
JLk = Hk(lukl + |vk|a,t’TdAik‘l)|O)

- _[(uk + v df,dt, )10)= [BCS)
k



Route ll:
mesoscopic superconductors from AR

* GS of a system with e-h hybridization
= Superconducting BCS state

68) = | | Glivac) = IBCs)
k

The message

There are two routes to understand SC & it means

Route | ~

Superconductivit BCS Andreev
k % wavefunction reflection

~ Route Il

Normal metals with AR < Superconductors
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« Josephson junction & its theoretical descriptions
— Blonder-Tinkham-Klapwijk (BTK) model

PHYSICAL REVIEW B VOLUME 25, NUMBER 7 1 APRIL 1982

Transition from metallic to tunneling regimes in superconducting
microconstrictions: Excess current, charge imbalance,
and supercurrent conversion

G. E. Blonder, M. Tinkham, and T. M. Klapwijk*
Physics Department, Harvard University, Cambridge, Massachusetts 02138
(Received 19 October 1981)

i Excess current SC energy gap
: Ry
| Ny
' Z2=3.0
I
I
: .
| e e
: 4 eV
I




Route ll:
mesoscopic superconductors from AR

 Josephson junction & its theoretical descriptions
— Blonder-Tinkham-Klapwijk (BTK) model
— BTK is basically employing single-particle physics,
yielding the same results to what employs the many-
body BCS wavefunction!
— It's extremely accessible and applicable to
the wide range of cases (too good to be true, but it is!)

1. Free energy F(¢) 2. DC supercurrent 3. Plug Is(¢) into RSJ
AR Is(p) solve EoM of ¢(t)
B 2e OF _ _h de
s(@) = h g E>I B 15((p)|7+ 2eR dt

] - Voltage response v(t) to
Fractional Josephson effect & Shapiro steps current bias I
¢

Is(@) = Iz sin@ + Iy sin> h de




Beyond the conventional s-wave
superconductivity

 What there are under the carpet
— Multi-band SCs may not be simply BCS state
— There are other pairing mechanisms. e.g., high-T_
— Omitted orbital effects, e.g., spin-3/2 + spin-1/2 band
— Not directly applicable to strong el-ph coupling
— Neglecting quantum fluctuations of Cooper pairs
— Nonzero momentum SCs, e.g., FFLO, PDW
— Competition against other phases such as CDW

e.g., Bi.Tes/NbSe: @) v N,(n
Free energy
'[El'.lé\."‘.._ﬂ.‘-‘IIF M= 5587 Pu=-s524
u A A i 2
afkoi,e{ teCk To ] [hk, e d i Order
=]

VIRV IV
Ll 3 - parameter
AR L Higg’s mode

A1 Tl | [TR |ope

E). B

0 = 2m0 m 2m0 m on

kok,  kok, o kek, Phase mode
M. Bahari, S.-J. C, et al., A. Lahiri, S.-J. Choi, et al., X. Liu, et al.,
PRL (2024) PRB (2024) Science (2021)



	슬라이드 1: Two routes to understand mesoscopic superconductivity
	슬라이드 2: In this lecture
	슬라이드 3: Route I:  superconductivity in historical order
	슬라이드 4: Route I:  superconductivity in historical order
	슬라이드 5: Route I:  superconductivity in historical order
	슬라이드 6: Route I:  superconductivity in historical order
	슬라이드 7: Route I:  superconductivity in historical order
	슬라이드 8: Route I:  superconductivity in historical order
	슬라이드 9: Route I:  superconductivity in historical order
	슬라이드 10: Route I:  superconductivity in historical order
	슬라이드 11: Route I:  superconductivity in historical order
	슬라이드 12: Route I:  superconductivity in historical order
	슬라이드 13: Route I:  superconductivity in historical order
	슬라이드 14: Route I:  superconductivity in historical order
	슬라이드 15: Route I:  superconductivity in historical order
	슬라이드 16: Route I:  superconductivity in historical order
	슬라이드 17: Route I:  superconductivity in historical order
	슬라이드 18: Route I:  superconductivity in historical order
	슬라이드 19: Route I:  superconductivity in historical order
	슬라이드 20: Route I:  superconductivity in historical order
	슬라이드 21: Route I:  superconductivity in historical order
	슬라이드 22: Route I:  superconductivity in historical order
	슬라이드 23: Route I:  superconductivity in historical order
	슬라이드 24: Route I:  superconductivity in historical order
	슬라이드 25: Route I:  superconductivity in historical order
	슬라이드 26: Route I:  superconductivity in historical order
	슬라이드 27: Route I:  superconductivity in historical order
	슬라이드 28: Route I:  superconductivity in historical order
	슬라이드 29: Route I:  superconductivity in historical order
	슬라이드 30: Route I:  superconductivity in historical order
	슬라이드 31: Route I:  superconductivity in historical order
	슬라이드 32: Route I:  superconductivity in historical order
	슬라이드 33: Route I:  superconductivity in historical order
	슬라이드 34: Route I:  superconductivity in historical order
	슬라이드 35: Route I:  superconductivity in historical order
	슬라이드 36: Route I:  superconductivity in historical order
	슬라이드 37: Route I:  superconductivity in historical order
	슬라이드 38: Route I:  superconductivity in historical order
	슬라이드 39: Route I:  superconductivity in historical order
	슬라이드 40: Route I:  superconductivity in historical order
	슬라이드 41: Route I:  superconductivity in historical order
	슬라이드 42: Route I:  superconductivity in historical order
	슬라이드 43: Route I:  superconductivity in historical order
	슬라이드 44: Route I:  superconductivity in historical order
	슬라이드 45: Route I:  superconductivity in historical order
	슬라이드 46: Route I:  superconductivity in historical order
	슬라이드 47: Route I:  superconductivity in historical order
	슬라이드 48: Route I:  superconductivity in historical order
	슬라이드 49: Route I:  superconductivity in historical order
	슬라이드 50: Route I:  superconductivity in historical order
	슬라이드 51: Route I:  superconductivity in historical order
	슬라이드 52: Route I:  superconductivity in historical order
	슬라이드 53: Route I:  superconductivity in historical order
	슬라이드 54: Route I:  superconductivity in historical order
	슬라이드 55: Route I:  superconductivity in historical order
	슬라이드 56: Route I:  superconductivity in historical order
	슬라이드 57: Route I:  superconductivity in historical order
	슬라이드 58: Route I:  superconductivity in historical order
	슬라이드 59: Route I:  superconductivity in historical order
	슬라이드 60: Route I:  superconductivity in historical order
	슬라이드 61: Route I:  superconductivity in historical order
	슬라이드 62: Route I:  superconductivity in historical order
	슬라이드 63: Route I:  superconductivity in historical order
	슬라이드 64: Route I:  superconductivity in historical order
	슬라이드 65: Route I:  superconductivity in historical order
	슬라이드 66: Route I:  superconductivity in historical order
	슬라이드 67: Route I:  superconductivity in historical order
	슬라이드 68: Route I:  superconductivity in historical order
	슬라이드 69: Route II:  mesoscopic superconductors as a black box providing Andreev reflection (AR)
	슬라이드 70: Route II:  mesoscopic superconductors from AR
	슬라이드 71: Route II:  mesoscopic superconductors from AR
	슬라이드 72: Route II:  mesoscopic superconductors from AR
	슬라이드 73: Route II:  mesoscopic superconductors from AR
	슬라이드 74: Route II:  mesoscopic superconductors from AR
	슬라이드 75: Route II:  mesoscopic superconductors from AR
	슬라이드 76: Route II:  mesoscopic superconductors from AR
	슬라이드 77: Route II:  mesoscopic superconductors from AR
	슬라이드 78: Route II:  mesoscopic superconductors from AR
	슬라이드 79: Route II:  mesoscopic superconductors from AR
	슬라이드 80: Route II:  mesoscopic superconductors from AR
	슬라이드 81: Route II:  mesoscopic superconductors from AR
	슬라이드 82: Route II:  mesoscopic superconductors from AR
	슬라이드 83: Route II:  mesoscopic superconductors from AR
	슬라이드 84: Route II:  mesoscopic superconductors from AR
	슬라이드 85: Route II:  mesoscopic superconductors from AR
	슬라이드 86: Route II:  mesoscopic superconductors from AR
	슬라이드 87: Route II:  mesoscopic superconductors from AR
	슬라이드 88: Route II:  mesoscopic superconductors from AR
	슬라이드 89: Route II:  mesoscopic superconductors from AR
	슬라이드 90: Route II:  mesoscopic superconductors from AR
	슬라이드 91: Route II:  mesoscopic superconductors from AR
	슬라이드 92: Route II:  mesoscopic superconductors from AR
	슬라이드 93: Route II:  mesoscopic superconductors from AR
	슬라이드 94: Route II:  mesoscopic superconductors from AR
	슬라이드 95: Route II:  mesoscopic superconductors from AR
	슬라이드 96: Route II:  mesoscopic superconductors from AR
	슬라이드 97: Route II:  mesoscopic superconductors from AR
	슬라이드 98: Route II:  mesoscopic superconductors from AR
	슬라이드 99: Beyond the conventional s-wave superconductivity

