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Motivation

@ Experiments on transport through quantum dots (QDs)
indicating a role of spin degrees of freedom

e Patel, Stewar, Marcus, Gokgedag, Alhassid, Stone, Durudz, Harris, PRL81, 5900 (1998)

e Liischer, Heinzel, Ensslin, Wegscheider, Bichler, PRL86, 2118 (2001)
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Motivation

@ Theory on transport through QDs (conductance) at low
temperatures g0 < T < ¢

e Alhassid, Rupp, PRL91, 056801 (2003)

e Usaj, Baranger PRB67, 121308 (2003)

@ Theory on tunneling density of states (DOS) at high
temperatures 6 < T (strongly anisotropic exchange J, > J))

e Kiselev, Gefen PRL96, 066805 (2006)
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QDs parameters

Question to answer

Can we find some signatures of the exchange interaction in physical
observables, e.g. conductance, tunneling DOS, at T > §7 J
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Introduction

Parameters of QDs

Etn - Thouless energy
E. - charging energy
T - temperature
0 - mean level spacing
J - exchange energy
No - external charge
Condition assumed
[E
Thouless conductance g7 = % >1
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Transport via QD

Current through the QD (g;,6 < T)

818r v(e)
I:e—/dafs— —fle—pu+ev
s [ delfe—m e ptev)| T

where g, are the tunneling conductances of the left /right junctions and v(e) stands

for the tunneling DOS of the isolated QD.

Tunneling DOS of the isolated QD is the simplest quantity to study!
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The problem and the results
temperatures

w temperatures

Universal Hamiltonian

Kurland, Aleiner, Altshuler (2000)

=" cadl, ya0.0 + Ec (A — No)? — J&°

a,o
=3 al, ya0,0 - particle number operator
a,o
Spor = % aLU&'M/aa,U/ - spin operator
a,o

>

Tunneling DOS

v(e) = ——|m2gamo

G i (b1, t2) = —i8(t1 — t2) <{aa101(t1), ahonlt2) })
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The problem and the results
e temperatures

temperatures

Exact result

e Pe
v(e) = 1+T 225(5 — &0 — Ec(2n—2Ng + 1) — J(m + Z))

nm «

X 2m(35+m(€a)zg—m(€a) - Zg+m+1(€a)3g—m—1(€a))

— n— 2 m(m
+(2m + 1)(Zg+ng—m(€a) — Zg+m(5a)zg—m) e~ BE(n—No)*+BJm(m+1)

where

H (1 + ze‘ﬁew) H (1 + ze_ﬁew)

dz ~ dz ~+#a
Z, = _—— Zp(ea) = —
" 2mi zn+1 n(€a) 27i zn+1

N.B.: In general, there is no periodicity in Np!
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The problem and the results

Reasons to believe that our result is right

Grand partition function

— n— 2 m(m
5 = Z(zm + 1)Zg+ng—me BEc(n—No)“+BJIm(m+1)

n,m

is the same as found by Alhassid, Rupp, PRL91, 056801 (2003).

Our result satisfies sum rule:

> dev(e) T 0
—No+—-2Inz.
/001+eﬂ6 Ot SE g "

At J = 0 our result coincides with the result of Sedlmayr, Yurkevich,
Lerner, EPL76, 109 (2006).
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General overview

- i (TIPS

The problem and the results LR (TG
rmediate temperatures

w temperatures

Two remarks

@ Emergence of new energy scale: renormalized exchange energy

J

J*:1—J/5

Stoner instability at J = § similar to Fermi-liquid (6§ = 1/(vV))

@ For T > § we shall compute the average tunneling DOS

(€) = W(e))feny

N
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General overview
- High ter
The problem and the results s

Low temperatures

High temperatures: T > J,

T > E.: (Coulomb blockade is absent)

7(e) = vy = const

E.> T > J,: (Coulomb blockade)

integer

40

70(e) 1—f(e—E)+f(e+ Eo), No
3 {2 —fe —2E) + f(e + 2Ec)}, No = half — integer

where f(E) =1/[1+ exp(E/T)].

Sedlmayr, Yurkevich, Lerner (2006)
o

No signature of exchange J!
Periodic in Ny
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peratures

where

and ®(z) = (2/v/7) j; dt exp(—1?)

Oscillatory dependence with characteristic energy scale 2J,!

Unfortunately, oscillations are exponentially damped... Periodic in Ny
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J/6= 0.92 0.92
6/T= 0.35 0.95
J,./T=3.95 10.7

0.95
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General

The problem and the results

Intermediate temperatures: J, > T > §

integer (Coulomb peak)

v(e) = vy—o(e) + ov(e) + dv(—¢) + ov(e — 2E.) + dv(—
where J £
_dry SaE
w(E) =77, {1 F(E) F(J ’ T)}
4 w2 ~+eo?(%) [ _ g (VY
F(x,y) = 2sgn( 2) 1-¢ -
ey (x=Ix1)/ ( 1)m™le y|X|m+ym(m+1)9(|X| —(2m
and ®(z) = (2//7) fu dt exp(—t2)

Oscillatory dependence with characteristic energy scale 2J,!

Unfortunately, oscillations are exponentially damped... Periodic inilNy
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General overview

High temperatures
Intermediate temperatures
Low temperatur

The problem and the results

Low temperatures: § > T

@ Importance of level statistics

@ Signatures of mesoscopic Stoner instability

Numerics in progress . . . )
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Derivation

Charge and spin separation

H =Y caal, ya0,0 + Ec (A — No)* — J&’

a,o
Z - particle number operator

Sp0r = % Z »Ooo’'da,0r - Spin operator
o,0

@ Imaginary (Matsubara) time

@ Decoupling Coulomb interaction by the Hubbard-Stratonovich
field ¢
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Derivation

Charge and spin separation

T - T

V4 -
Gaoyiao, (T1,72) :/d¢o [;)0] Gaoyoy (115 T2|0)D(71, 2| 0), Z:/dﬁi)oD(Thﬁ\d)o)Z[(bo]
T T

Charge problem:

B . T . 2 b
.-k j;) dT(j)Z(T)f/'fT 2 drd(r)— “ECT(m+ﬁZ—“})2+27rw0(m+@—“°’-;)427rmr(71772)
D(71, 2| o) = E D[dle 1

mez
Spin problem:

—rpHy Lt —B)YH . .
Tre™ T2 Ja"_ﬁle(ﬁz ) Jao, oy _ Kaoy,0p(—iT2, —i(m12 — B))

Gaoyoy(T1 > T2|do) = —

Tre P70 Z[0]

—(T12+B)H H
Tre (T2tB)H, o7 o(712) Jaa,o,

a,oq

_ Kaoy.0p(=i(m12 + B), —iT12)
Tre 710 Zlon]

Gaoyoy(T1 < T2lg0) =

where

~ T a2 ~ .
Hy = E £adl, yda,0 — I8 Eq = €a — igg

oo

N.B.: Charge and spin are entangled due to integration over ¢!
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Derivation

Spin problem

The Hubbard-Stratonovich transformation:

N

. t t
2 g2 P iLf dt’ 62 if dt’ 63
eF 5 him II | |/de"eiAJren/Ne/tenm/N: I I/Dlg]e 7 Jo 7e Jo o
N— oo
«

o n=1

Time-ordering 7 due to noncommutativity of the spin operators!

We use the method developed in

Kolokolov, Ann. Phys. (1990); Chertkov, Kolokolov JETP (1994), Phys Rev B (1995)

/'ft dt’ 65 +5 i (2) i5; ft dt’ p(t’) N ! , , ;ift/ drp(t) 5y (0)
Te Jo = e F Ve 0 exp | iS4 dt’ ¢y (t")e’ Jo dt’ | eTFVE
0

0, T i6 0, +i6 . .
O:=p—2pst, =T =z, = Fihs + pvx —vxvl, 07 =0 F i

N.B.: The Jacobian of transformation from 0 to p, ¥+ is J = exp[é j: dt'p(t')}
Initially, 6y, , are real variables, but now (0, — i,)* # 0. + i6,
We impose constraints 14 = 1" and p = —p*
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Derivation

From spin problem to quantum mechanics

@ Two sets of variables: 01> - two sets of new variables p; 2 and wliZ
@ We choose initial condition 7 (0) = ¢, (0) =0
@ Exact integration over wliZ

@ New variables: py o(t) = :Fl'éLQ, £1(0) = £(0), &i(t) + &(R) =0,

oo oo

- dz, _ —2p3¢& dy _
Z[¢>o]:H - B ey ke e | deydead(€r + €2+ 21ndyd)
2miz2 4yd
v |z|=1 0 —o
e —2d cosh S (5 ‘ef/”HOtl —& /Ho(t1+/ﬁ ‘f > d= E Zveiﬁéw,
N
dz, —28¢, “ay [T
Kat1(ti, 1) = '€°f1H 97y zy e ) Yy dérd
11(t, t2) omic? —e 4ydue §1dEr
YHa 0 —oo

|z|=1
£2

X(S(El + 6 +2|n4yda) —2dn cosh I:eEl/Z +e—;’iéo e£2/2:| (£1|e_iH0t1e_3£/zeiH0t2\52),

- 52 2
do = § 2,677, Ho = fJ,d— 12l B = JAWL(E), W, (8) = =Vvsinh2mu Ky, ()
s
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Derivation

The final step

~

PN
Q
5
=
—
3
—
Il
N =

J JT .2 = 2 = = g
ed™T T T / dhsinh(ﬂh)efﬁl7 /e=EaT H (1 + efﬁ(eW*h)) (1 + efﬁ(:”ﬁh))
- YF
x [T (2Bh+ I — JB) + e 2 TP 2ph — ur)]

2 e [T 1
= —=cosh — dre’®! E atat | it+ =
v(e) =~ cos| 5T / e Gat,at | it+ 57
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Conclusions

Conclusions

@ Exact computation of tunneling DOS in quantum dot with direct
Coulomb and exchange interaction

@ Distinct signatures of exchange in tunneling DOS at intermediate
temperatures J < § < T < J,

@ Future work:
& Tunneling DOS in the presence of magnetic field (Zeeman
splitting)
¢ Dynamic spin susceptibility
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Conclusions

Mesoscopic Stoner instablity (T < 0)

Kurland, Aleiner, Altshuler (2000)

(0)
Zy = e PEn (1 + O(e_ﬁ’s))

Equidistant spectrum: €, = dn, n=0,1,...

oo

Z~ 23 (25 + 1) exp [ B[IS(S + 1) — 652
s Syl

2 1
At T:OtransitionfromS:stoS:s+latJ:és+ .
2s 4+ 2

2s —1 2541 {5:0,1,2,... No > 1 even

Se=s 7 <0< 5% s=1/2,3/2,... No>1 odd
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