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Introduction

@ Single electron transistor (SET)
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Introduction

@ The SET parameters

Number of channels N>1
Tunneling matrix elements it < 1
] 2
Charging energy B=°
°2C
Tunneling conductances
gi.r
Level spacing on the island § < E
C
Temperature < T<E.,

External charge qg= Cg\/:c,/e



Introduction

@ How does discreteness of the electronic charge manifest itself at T=0 ?

Semiclassical picture (g,,=0)

.= E(h—q)* = Z= Z exp [—BEc(n —q)°

n=——oc

n = excess particle number on the island

Atlow T

1 E/E

Q:(m:m, O<g¢gx1 27
where h = E_(1-2q)
P




Introduction

@ How does discreteness of the electronic charge manifest itself at T=0 ?

Island plus reservoir (g,,#0, g, << 1)

Atlow T 1t g=0 ?——-
g 1 g¥0
1 32N 1
Q - = 1 ——q <K 1
21+ %1
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Matveev, 1991

where g =g+g, Schoeller, Schon, 1994
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Q is not quantized at T=0 for any g=0!

What quantity is quantized at T=0?



Results

@ Novel quantity g
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I=I,=-1I, current into the SET
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Results

@ Temperature dependence of g

Weak coupling g >> 1

QSEC

/
T = g —
(1) =q- 5,

1
Strong couplingg<<land - —¢<1

e 9/%sin 2mg,

2
(TYy=—1 _  T«E
q - 1 _|_ e@nr? [
h = h
—_— B
1+ 2?1-2 In max{T,h}

T > E.g3e 9/?
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q is robustly quantized independent of g

g>1 T
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AES model

@ Microscopic Hamiltonian

A-pN = Ho—pN+B.+ Y B

a=l,r

I:IO - MN — Z (€ka — Jufa)a';(maka + Z(Ep - M)d;dp
p

k,a=lr

2
H. = E. (Z did, — q)

p
A = Yt} d, + h.c.
k,p

i) Decoupling H. by Hubbard-Stratonovich field ¢(7)

ii) Integration over fermions to lowest order in H,
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AES model

@ Effective action

8 ‘ 8 . 1 B i
Sapslo] = Ef dridmoa(Ti2)e  Om=el iq/ dro + / dr ¢? integer
4 Jo 0 4E. Jo

5(8) = $(0) 4 20

V. Ambegaokar, U. Eckern, G. Schon, 1982

h and (1) T TZ| |etonT
where =747 aol7) = ——Fm——— = — wnle "
12701772 sinnTr 7% "
and
g =aq + gr, gir = 8T Nty |*vi,va @

1

U = eiQﬂ'T‘T, f(u) — eiqb(T)

I
Convenient variables <>

2T B
Saps =3 3 Inllfal? + Zn2\¢n|2—zq/0 dré



AES model

@ Instantons

I :
Topological charge (winding number)
1 B :
Clé] =—/ drd =W
21 Jo 1
Instanton solution
(Wi U — 2, Instanton w>0 |z,|<1
Jinst = H 1—_ .
a=1+ — UZa Korshunov, 1987 Anti-instanton W<0 |z, |>1

Nazarov, 1999
2|W| zero modes !

Classical action

2T W] 1 >
Siigh = SIW| — i2mqW + =~ Lz

E

C ab= 11_2:0,25



Coulomb blockade ...

@ Formal response parameters

Expansion in topological sectors

z=Y 7w, zwl= [ Digle
W H(B)=¢(0)+27W

Let us formally define

! 1 Z
9 — I ' Z 0 [x]
4m 2miZ 7 Oz le=W
1 0Z[x]
' = Re
1 2mi %,: ox lz=W
Note that Z[W, q] = Z[W, —q] = Z[-W,q] then
9'(T) i
= Aw(T) cos27Wq ,
4 = =k — ¢(T)=k Py
T Wogo I > B 1 ’ - 1 2
q(T) = ZBW(T)SiHQﬂ'Wq q_k+§ - Q(T)—k‘l‘i %
Ww=1 D



Coulomb blockade ...

@ Response parameters from correlation functions

From W-nto W

b

(1) — &(7) —wat > ZIW —n] = Z[W] <e‘5ﬁ (iwn)—iWnﬁc?—wnzﬁ/(4Ec)>
where 5 — ZEN
Q q+ QEC/O dr ¢

A 5 - -
K(iwn) = %/0 dridm [€472 — 1] a(r12)e P =0

Hence
R
1 0Z[x] =Q-|—K (w)’ w0
w

2miZ ; ox

=W

where Q =(Q), K%w)=(K(iw, — w + i0))

4

/ R R
g—:ImK(w), q’=Q+ReK(w), w—0
w w
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Coulomb blockade ...

@ Analytic continuation K(ia,)

. BATidTs 7 i) —id(r
Correlation function D(iwy) =/0 13 2 p—iwnT12 <ez¢( 1) —i( 2)>

then 5
K (iw,) = % fo drydrs [ — 1] a(112) D(721)

E!
K*(w) = 2% [ dEdE'Im DM(E)—— oo (B) — ns(B)

Im KR (w) = —i / AETM DE(EY(E — w)[ng(E) — np(E — w)]
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Physical observables

@ Tunneling conductance G of the SET

Standard trick (a=/,r) A0 — .Vl 1 XtV
T _ @ o'
I, = iXgeVel —iX1e Vot X, = Z tﬁg)am

Average current .
I, = —i / dt' ([T (), A (1))
In=2Im K (w =1V,
Retarded correlation function —> o (@ )
KR(w) =i / dt e“9(4) ([Xa(t), X1 (O)])

Matsubara correlation function

Ko (iwn) = %/_ﬁﬁ dTew“T(TTXa(T)Xch(O» —> Kf(w) = g—aKR(w)
g

B . a
_ &/ dTldTQew”lea(T12)D(T21) = g—K(an)
43 Jo g



Physical observables

@ Tunneling conductance G of the SET

Average current

/ R
[ = 199, J = anIm™ (w)
27 g w
By definition
G G
I=h=-L=__-(V,.-V)=__V
2m 2w
glgr !
G = g
(g1 + gr)?

)

Ben-Jacob, Mottola, Schon, 1983



Physical observables

@ Novel quantity g

Real part of retarded function

Re K (w=1V,) = —% f_too dt'([I,(t), I.(t)])

hence

. K*(w) i (g1 +g:)% 0 .
lim R = —— dt’ {([I(t), I(t
lim Re —— > aa o ] A HO.IEOD],

!

_Latg)? o
2g19r 0V J-xo
(91 + 9r)?0G(P) |
47Tglg'r P 1e=0

¢ = Q

at([1(0), (O] _

Q@+
where G(®) is conductance in the presence of fHy, = Id

Notice T 8InZ iT (B

@=9t om0 128




@ Perturbation theory in 1/g (W=0)
Quadratic part of the action

22T

”2] 4l — ($npo) = + .

5@, = g [fn, + — =
£ =92, gIn| + 2m2Tn?/(gE.)

n>0 gEC

Correlation function 1
D(m12) =1 — 5([‘15(’&) - ¢5(7‘2)]2>

) 1
D(1 n) — n 1—-
(iwn) = Bdn,o [ g EO m + 2m2Tm?2/(gE.)

3 1
gln| +272Tn?/(gE.)

Im D*(E) = = {1 2 g—EC] lim 81 8(E — n)
g T n—0

Guinea, Schon, 1986 ﬂ

gE
J(T)=g—2In Tc, qd(T) =q




@ Instanton contribution (W= 1)

Classical action Gaussian fluctuations
' g about instanton
Sl = 5 + i2mq >

where )\ = 3(1 — |z°) and g(\) =g —2IngE\

Correlation function

g(A)

Sl = — + i2mq

Panyukov, Zaikin, 1991

Wang, Grabert,

n <0

n >0

5 d\ ez‘27rq)\2(1 _ )\Tr)\n\—l7
Dz‘nst(iwn) = EQ e_g(,\)/g 2@)2(1 — )\T) cos2mq, n=20
0 e—i2?rq)\2(1 _ )\T)n—1’
Analytic
continuation
4 dA
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o 1—\T

2
ge—g(»\)f? [e—-ﬂwqe—uﬁ;’(zw)ln(1—AT) + (1 - 2(1 — AT)
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@ Instanton contribution (W= 1) 9

At T > E.g%e9/?

3

E E
Jd(T) = g—2In ch — 96Tce—g/2 CoSs 2mq
1
"(T) GEe /> sin 2
= q— e ™

1 T SanT 1 0 A 17 4

Altland, Glazman, Kamenev,Meyer, 2006
Notice
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g2 el g

E. _ E. ~ 1
Q(T):q—ﬂ—Tce Q/QIn?CS|n27rq ——> 1Q(T) — ¢ In,BEC>>




Coulomb blockade ...
Strong coupling — g<< 1
@ Effective action for [g-1/2|= 1 and T<< E,

Isolated island (g=0)

— i e BE(n—q)? e—BEcq2(1 + e

n=0

where h=E_(1-2q)

Two-level Hamiltonian E?njE(
~ h Bh
HOZEJZ - Z=2cosh7
]_ 3
Average charge
1 0 1 )
2 Oh 1+ e 2
O
2 5 5 5 s a1 2
Operators -2 -15 -1 -03 05 1 15 2 s
ptit _, Gy E
e



Coulomb blockade ...

Strong coupling — g<< 1

@ Effective action for |g-1/2|=1 and T<< E_

Island plus tunneling (g=0)

a _ 8 _ —
Saps — S = /0 drd (aT —n+ ga) b+ % L dridroa(r12) (Go_1) (11) (Do) (12)

Similar to
Larkin, Melnikov, 1971
( 71— =) Sachdev, Ye, 1993

—

Pseudofermions ?15, lb
AS' ° ‘Sf

Grand canonical partition function

2= M, G s
. Zpr O
(©) = lim |72 (O)ps + (Ohyy

Z - buiidnoo Buons



Coulomb blockade ...

Strong coupling — g<< 1

@ Pseudofermions
Spin language

Ho = h —_— 7 = P2 J g=0h/2

Fermion language

i

00 —
h/2 10 — e Ah/2 Nor=1 o oh/2 4 o—bh/2
—h/2 01 — ePh/2
11 - ¢
— ﬁanf _ﬁﬁ —_— i
Zyt %e Tre — Z Jim o Zyps
p
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Strong coupling — g<< 1
@ Leading logarithmic approximation — g" In"
Green function renormalization

Goi(ie,) = iden +nFh/2
G;l(ien) = (ien + n)y(ien) F vs(ien)h/2

g [* dy
= 1
(@) +47r2 o v(y)
g [=dyvs(y) e
= 1 — +
nelz) 4m2 Jo  42(y)
E.

n
max{h, |e|}

g E.

v(x) = ’Ys_l(m) — (1 + 22 n max{h, |e,|}

)1/2

Coulomb blockade ...
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Strong coupling — g<< 1

@ Leading logarithmic approximation: g™ In"

h!
7 = — cosh o
Y
h g Ee

B o— 72 =1+ In

1+ % In max}f;z,T} 2 max{h, T}

Average charge

1 Bh' T=0 - Matveev, 1991

Q= 5 (1 — Ttanh 7) T>0 - Schoeller, Schén, 1994

Coulomb blockade ...
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Coulomb blockade ...

Strong coupling — g<< 1

@ Correlation function D(iw,)

D(iw,) = — 1 lim ° TZ : ! . . 1
2 cosh Bh'/2 n—==c< 9e1  (iem + 1)y — Ysh/2 (iem + iwn + n)y — ysh/2
__tanhgh'/2 1
N 2w+ N
r
+
+
Mr=1

tanh gh'/2 1
2 w+ h' 410

DE(w) =

No vertex renormalization !

E 1

2 c
max{h,T} iw, + h

x g<In

G - buiidnoo Buosns



Coulomb blockade ...

Strong coupling — g<< 1

@ Physical observables g and g

g
Correlation function K(®) for w — O 14
m K(w) __9 _ Bh
w 8my2sinh gh’
/
Re Kw) _ 9 In Ee tanhﬁ—h
w 422 max{T, h} 2
4 A/'\A 4
<+——>
@ 0 % 1 4
g = g/2 Bh
= 7 iR _ , 1\
1+ 2m? n max{T,h} sinh Gh Schoeller, Schén, 1994
h
N1 with A =
r ﬁh g F.
9= (1 te ) 1+ 272 In max{h,T}

q is quantized independent of g !

9 - buiidnoo Buons



Physical observables

@ T - dependence




Conclusions

® Novel quantity g - completely analogous to o, in QHE

® Unlike the average charge Q on the SET island, g is
robustly quantizedas T—0

Coulomb blockade ...
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