INTERNATIONAL ATOMIC ENERGY AGENCY | ommy,
‘ @ D UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZATION m
INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
I.CTP, P.O. BOX 586, 34100 TRIESTE, ITALY, CABLE: CENTRATOM TRIESTE

by
Prris
T - -

(¥,
lf
@ UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION *‘\a‘-.’;"')

INTERNATIONAL CENTRE FOR SCIENCE AND HIGH TECHNOLOGY

o/ INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS 100 TRIESTE {ITALY} VIA GRIGNANO, 9 (ADRIATICO PALACE) P.O. BOX 586 TELEPHONE (4024511 TELEFAX 04024375 TELEX 460449 APH |

SMR. 628 - 2

Research Workshop in Condensed Matter,
Atomic and Molecular Physics
(22 June - 11 Septoember 1892]

Tt T R T e e e B e B g

Working Party on
“NOISES IN MESOSCOPIC SYSTEMS"
(27 July - 7 August 1992)

* Coulomb Blockade of an Electron Tunnelling*

R. SHEKHTER
Institute of Theoretical Physics
Chalmers University of Technology
S-412 9¢ Goteborg
Sweden

These are preliminaxy lecture notes, intended only for distribation to participants.

MAIN BUILDING Strade Costicra, 11 Ted. 22408 Telefax 224163 / 224559 Telex 460392  ADRIATICO GUEST HOUSE  Vie Grigranc, 9 Tel 224241 Tel elex 46544
MICROPROCESSOR LAB. Vi Beirut, 31 Tel. 224471 Telefax 224600 GALILFC GUEST HOUSE Via Beinut, T ' T:f_mm ofux 3 Telex !



~4-

CouEOmB Bfocxade of an Electaon ﬁnnefﬁni

| N
SSTA @ [T

Vy ; @ ﬁ'\fz U= 7

| / Dy / '
/_ZAL/ D |, 1/

I.G: aeve? H.R. 2e0Pes 7/ Vogs
PRL, 20, 1504 (1368) |

AT

v

Qﬂi eﬁz
/// i -“@ "—%ZZZ//
5 T

E (1) = - Vang- oy + U+ LV cleGe ]

d = C ?- = C
' G T = RuGy 2 =R2C2 \ £
t»ty TEU N=n+Ny
nMf— - — — - — .
! A
T ey |
0 1 1S 2 29 n Nt
Jbam@e | R c.Jaclevic | R.TI Sherhie2

PRI, 7o 1381 (1969) Sov. Phus. JETP 36 242, (19



'COHFOMB OSCI ipd‘i/‘oé;.s of fdnez‘ezea! ('o/m/dc- |

ﬁ— —— —— —

'(Czwgvg)
e fj,eaeg I.Ma&x RIShex/am
~ Sov.Phys: J'Eno 41 306 (1925)

éwp LS. Ku.-:'mm,k 4 Lméozei/
- JETP Lett 45, s, (19%%)

 RWiing, £, Beon ook RCJactevic
" pRL, 65 801,(1988)

/:S,anmm PDeﬂs;n T CC’aes&r
PRL 62 2&33 (1988)

4 7.6Czman R ISherhtes
. Phys: 4, 8311, (1989)




. -3 -
Paoximity effect in supesconcluctoes

PN
/s K /

Qegff:fa §M~ €294

£y Lot GB); FomtSa

J&
3o
(6-- hoemal state conductauce %:
MW

Iy =ZeSnlb-%) i 1= 555
. Wcz\/e uncécan O[ fée canc/(u&azl‘e

'H’ ﬂ((le e Z&Qmaﬂ) ’O>_

y
2% 57

(i{' EK)) Z}K K)
&= g,%?— o &k \/Ef‘hd'?’
= t - Py o
MR B v,
[(\OJA/]:"‘"ZL

P W Andle2son
SN S =25 (1962)




Jo,sep/u500 /“ﬂﬂe/ﬂi i a Smaltl- Q2 €y
Jc,mcécong |

Iﬂ

/4)‘*:4 ¢ '///
//////qut‘e'\@//////

_ E(”t”z)—v(ﬂi'ﬂz*' éngV)
WL ‘ _Lpzz‘(&z-g% LP#%-"%{S%,

g

1, N . 9 .. 2
| He =U[2»(g%l'gg)+e'03'\@]
! .,4.5.302;"), Kk lndaétl/ J [ow'ﬁmﬂ ﬂ//g_ _‘g) 3%{/.7&9

H = He -Fy(¥%, |
Quatum fucé:az‘wn 0}52) _féase |

Poes pot

But: w - fluctuate |




A~ \
N\

COncA'{c'on fo: Lhe Coulomb

Bbocrade
&K &
1. £
= << U= &

%«i , 6»'-'-'?3



| ﬁwf lo obeetoon £eansdtedy

N

7/3 /—\-"7.247;,—2

WW

6+ Sl B85

DV Averin , Ak Ceintsou, Phys.lett.
A 140,251 (/989)

LT éézeman KA Matieel, Jffﬁ/ez{'-/
(/37 (AZ?O/ ) |



;52,‘,,;& bior of e ool

// o+ //sz * o +A’r‘)+A£f2) .

//G =75 o,m% # m—»vz

(2 f%,. =g Guearepis ; Go=V f%a?

o

Gy =L+ 5 el

@; Ipaéa- ‘f‘J'Jn@‘)Za'G//J-r




Eé’ecéuc Caezenz‘ C’a/caé’az!:oo
7'<< 4 << [V |

I e< °’”'>- ,;E<[Hr“im>
Jm{ <aP6a?°'>}

s ) ZW(nSP{ },,) Woo) expPWn’a

P?G

- S1

& 77777777777

| NN .
- N

T =  5ul#-8)|

Za(Vg) cs eocoolic funelcdL7




zcagaams of .{Ae Coope? Pai2
Teannell ng.

éfecéZOn cAa/me& o atwe%ahé

Ce)
-—f}m £Ln

%”*"&_

S2

. ST S,
L , .
] e w L ,-7’/‘_ -
P ta vy S .
s . o S

\)2?
Fr
o) F
°tg )5

A/oﬁ’e channell of dunne /&/;aq
Ea ) f))-/ ~£, /)

- 51 Gls 5|00 S




73e Czu!:ca! Jaseplson Cazw;z‘

7 .[c Sin P
“‘9+j;0’)

] ‘e) {e Z (T?, /9,&) (7 /e &) (4B ( W)&
R 'L;f’f;' 7:?20' | .

(/ /77, o ) (/"/7710' )

(f‘f’(wgy,wo,) (E“t3p.+G) CEn*en)

o o Vs (/"‘/?? a') B |
( £ ‘**’(vg) +f9,+59 ) £+ 5+ E02) (Ep+2a+fz ~S7.) }

_Z'“) {@Z (7—9,/?/92)(7/‘-’,72 &)*(U#)B(ay)& X

| ?ng- :
{ el |
( f“’tw-fwép,) (£ 572‘5&) (é,a,we)
Vyo (/ ‘”/72,_0' ) | IS
(Ea}(w So+€n ) (£ “U)-3, +& ) (&*& +§9,"5ﬁ)
Chaxge cegeneracy conditioy
E%%4)=0 o £Mgmo0; Vg




R \

MQSOSCO/D:C O.Sco ffb z(cons

‘_—.;___

\:\_;A‘MQSOSCO/J‘C OSCcfé!L(cOﬂS ac”Q afﬁﬂﬂlcn\%e»r;'ca,, -

Y

AESpacé >U

\

7 %

Py
coj)Z
@("/

@(r) a (757 /
G[o) = C/ff/-e/_

/‘/' (V44



Josepﬁ.s‘on Caezeoé as o He.soscopcc Effect.

Wwsizy, .

reainzzZ4 —

pE ”’////4 o

cmax = 7&@5 Mv) 3 662 A( )

Y
SE af

l : —Zmax(T) Cmak(o)( )@(P(“”S")
o 7 >>8E _

U _/c(?'j & Q-Xp( .fA/(T))] SM(T th. ‘



- Jum e/fuy TA20t3h The Sapeecono/z(cfmg ‘

. G?a—m - \ |
-. e o l- Lefin(- %) .
' ‘—Lé///'%@ {D///// L =le ™4 Tf/')
(w /6Z 1729/° 1 7% &/ x
S ‘7:?2. |

(U8 (Z/&% (KM%} ((/ng o
(ffVﬁ fn"fgj (E (1/)+é-}9 +§4)(59+§2+69+59)

;Zmayf.zéc.@ M(/) XG'G?QJ Xc[

L)~ Tomos - (S6TT)
oL e[lo-Vu[>A o/-'=-—cc—752

~ @ 6 G
Lemax Go(Gn*Ge) Z. "G e




77fe /oo.sté/ £y o/ as 6x/oeecmem‘a¢”

Of.ye?m'/(c)ﬂ
| - T 2eal Secil T
| —@«_i. > /”\ — /I,_,'\ S
el | [ Va'Zéaae

Pazomez‘ea Vablues {eom the ex eamem‘ PDef:Sw K, kb:rl:eet
Tléua-mcn 7. aeson | PRE 21939) 63 WIR, 196[

é—-@;tz.zs-/o, 5 By 831075 A= OISV} U=03me

E ;u‘ua(’ _(( G. EJQeue

viet

RT<ES = T</Omk
V:ez‘ )?0 Y




| > -
voLuns 63, Nunaen ) PHYSICAL REVIEW LETTERS . 16JuLy 1990

Siagle Cooper-Pair Tusneling in Small-Capacitasce Jusctions

L. J. Geerligs, V. F. Anderegg, J. Romija,“’ and J. E. Mooij

Deparvmens of Appliad Physics, Delft Usicersity of Technology. P.O. Box 3088, 200 GA Delft, The Naerheriands
(Rossived 2 Agril 19900 !

0 0.2 0.4
Vv [mv] _

FIG. 1. I-V curves of a deuble junction with R, =58 kn
(E;/Ec=0.1)) ot two different valuss of the gate voltage V,
at 10 mK. (a) In the normsl state, realized by sppiying a mag-
netic field of 2 T. Tha Cowlemb gap with 3 maximem vaive of
sbowt 70 aV (so0lid curve) con be suppressed with the gate voit-
age (dashed curve). Inset: Device and meassrement layout,
The jenctions are denocted by cromed capecitor symbols,
C,m0.01C. (b) In the supsrconducting state a Cooper-puir
gap of about 150 xV srises (arrow). Coviomb gap sad super-
current are strongly dependent on gate voltage (compare solid

and dashed curves). Insst: /-V, curves for the




