Non-equilibrium entanglement and noise in coupled qubits

T. Brandes

e Quantum Mechanical Transport
e Quantum Noise

e Transport, noise, entanglement

Co-workers: R. Aguado (Madrid), N. Lambert (Tokyo),
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TRANSPORT = system + non-equilibrium + external worl
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Electronic Transport
Things are difficult. Start from something simple?

SMALL STUFF:
e Dimension 2 (2DEG), 1 (wires), O (few-level quantum systems).
e Single Electron Transistor.

e charge/flux/spin qubits (controllable two-level systems)

e tunneling ~~ quantum superpositions
® interactions ~~ entanglement

® environment ~~ decoherence

~~ arena of Mesoscopic Physics.
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Coherent Manipulation of Electronic States in a Double Quantum Dot
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These are also useful in order to understand transport ‘from scratch’.
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Three-State Transport Model
e Transport model for the smallest quantum system: SU(2) plus one empty state.

e |L)=|Np+1,Ng)left,|R) =|Np, Ng + 1) right, |0) = | N, Ng) ‘empty’.

I

FL/\ TC /\li
H, c
L

e internal bias € = €, — €, tunnel coupling 7.

€
H = HS + H’res + HT7 HS — §OA-Z_|_TC6£B

&
R

Hr = > (Viel |0)(i|+ Hec),i=L,R
ki

One goal: calculate density operator p for ¢ — 00. p has 4 (not 3) real parameters,

poo 0 0
p = 0 prr pLr |» Poo=1—pLL — pRR.

0 PRL PRR
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e Double quantum dots, strong Coulomb blockade U — 0.

/]

e Complicated problem for any bias |py, — pg| < oo.

e Only uy, — ur — oo relatively easy. Then, exact (?) solution

in Markovian limit (flat tunneling DOS, no memory).

sz|25(€ — 61%).

e External tunnel rates; Fi(g) = 27 Zkz

e Solve Liouville-von-Neumann eq. ~~ stationary current (Stoof-Nazarov 1996, Gurvitz 1996)

<f>SN — e TEFR
t—o0 [%/4+e24+T22+Tg/Ty)’

e Just Breit-Wigner. Nothing on spectrum, :I:%\/&:2 + 4772,

e Pure state for ' — 00 (no current): quantum Zeno effect (continuous measurement

version): right lead as detector with oo bandwidth.
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non-equilibrium:
increasing I'
R

equilibrium:
decreasing temperature

Single DQD Bloch-sphere (I';, — o0) in L-R basis.
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Double Quantum Dots
3 states |L), |R), |0)

D emission 6. = |L)(L| = [R)(R|, 6. = |L)(R|+ [R){L].
Hiy B H = Hsp+Hees + Hr
* } - Hr = Y (Vicl [0)(a| + He),a =L, R
ka
T L € gqQ 1 n N
(_E’R:> ;MR Hsp = [5—%27 (a_Q—I—aQ)]JZ—FTC%—i—HB.
I'r Ie I'r Loc-Deloc Transition at & = 1, Leggett et al 87

e ‘Internal’ Parameter ¢, T;

1— W
200w oh Swe we

> 1900w —wg) =
Q

microscopic model: Phonons...

e ‘External’ parameters /i, ir, I'o(e) = 21 Y, |V,¥|?0(e — €k, ), o = L/R.
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Formulation

9 emission
L EL e EOM for reduced density operator
—o— (A())=(A(0)) + [0 dt' {M(t,t')(A(t')) +Trei}.
b e
— MR ® U, — UR — OO (Gurvitz, Prager 1996, Stoof, Nazarov 1996, Gurvitz 1998.)
— R d

. -G T. . I, T )
2 M(z) = X X : = Lok , T.=iT. (0, — 1)
D, X, 0 Ip
A A PER

e Blocks /)., >..: Dephasing, Relaxation
POL
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Driven nonequilibrium: transport Floquet theory

e+ Acos

1) = [T 3792 (a-q+ a) |t 1o+ M + P+ Ha
Q

e Limiting cases

— Hp = 0, perturbation theory in 7.: P K. Tien, J. R. Gordon 1963

— H,es + H7 = O M. Grifoni, P. Hanggi 1998,...

e Method: Fourier components of p(t) —

. 2 [ A AN - A A .
Km(—zm Q) = 1 Tc Z Jn (5> Jn—m <5> Ds—l—(m/—n)ﬂ + Jn <5> Jn+m 5 DE—(m/—i—n)Q
. —m [ A AN - A AN -,
Gm(—zm Q) == 1 Tc2 Z Jn (5) Jn—m (5> E€+(m/_n)g + Jn (5) Jn+m (5) Es—(m/+n)Q:|
o 1
De(z) = C.(2)~14TR/2 dynamical localisation

I
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RWA result

T.H. Stoof, Yu. V. Nazarov, PRB 53,

1050 (1996).
Bloch-Siegert shift for large
ac amplitudes A.

TB, R. Aguado, G.Platero, PRB 69,

205326 (2004).
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Resonance at€ = 4/Q% — 4T2: quantum coherence.
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Dynamical localisation: T, — T.Jy(A /§2) (Tien-Gordon)...

e Tien-Gordon wrong for large 1 .: 6. order I . Barata, Wreszinski, PRL 84, 2112 (2000).

b
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‘Coherent lifting’ of dynamical localisation ...
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Dissipation and ac fields
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e Dynamical localisation destroys asymmetry between spontaneous emission

and absorption.

e P(E) xx E?*"te~Blve v P(E.) > P(E-).
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e Quantum Mechanical Transport
e Quantum Noise

e Entanglement

Here: noise in presence of Coulomb blockade, quantum coherence and
dissipation.

The noiseis the signal

Rolf Landauer

detection. Advances in measurement The new investigations'™ were prompted
techniques mean that it can now be by precise measurements of noise at quan-

|\| oise is not only a hindrance to signal  regulate and reduce the fluctuations.

Nature 392, 658 - 659 (16 April 1998)

T. Brandes Lancaster, 8 Jan 2006



Quantum Noise: p,,-technology... |

e Jump-resolved Master equations (Cook 1982, resonance fluorescence).

plt) = (Lo+sLy)p(t), s=1
P = Lop™ () +sLip" (1)
G(s,t) = Z s"p{™ (t) generating function, G(s = 1,t) = p(t).

e Yields p,, (t, t+ T): probability for n electrons tunneling out to the right in time interval
t,t+T).

e p,(t,t+ T') also related to noise correlation functions.

e Long-time behaviour from lowest eigenvalue of Ly + sL;.
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Quantum Noise: S (w)-technology...

e Noise-Spectrum with current conservation [;, — [ = Q I =al; + blp,

St7(w) = /OO dre™ T ({AI(T), AI(0)}) = S, 1, (w) + bS1,1, (W) —abw?Sg(w).

— 00

e Version for many leads «, 3 (Cottet, Belzig, Bruder 2004, cf. Flindt, Novotny, Jauho 2004)

S7.7,(W) = —2¢%Tr (Ea liw + E]_lﬁﬁpstat + (W —w) + (o« ﬂ))—|—2625a5Tr£apStat.
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Fano Factor
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5,(0)/2el

T. Brandes

e Interaction (U — 00) ~~ no Khlus-Lesovik
form “T'(1 — T

e (v = () coherence suppresses noise: mini-

mum at e = 0.
e (o = 0) large |¢| ‘localises’ charge.

o (v # 0) for e > 0: dissipation suppresses

noise.

e Maximal for 7y, = L'
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R. Aguado, TB, Phys. Rev. Lett. 92,

frequency dependent noise spectrum 206601 (2004), Eur. Phys. J. B 40, 357
(2004).
1 0=0.005[
o a=0.01 | «_—gooXT==TT T

Exp. Cooper-Pair Box: R.
Deblock, E. Onac, L. Gu-
revich, L. P. Kouwenhoven,
Science 301, 203 (2003)
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e Quantum Mechanical Transport
e Quantum Noise

e Entanglement

- Entanglement in non-equilibrium.
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et e —

Current balance: Ampere, Biot-Savart etc.
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Transport through coupled 2-Qubits

FL,l i ¢ FR 1

k]

/\/C\\/\

['zo Teo ['go
"\ /_\\ e\

e Phonon coupling: effective interaction, Dicke effect T. vorrath, TB, PRB 2003.
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Transport through coupled 2-Qubits
W .
% T I ‘f
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e Coulomb coupling: two-site Hubbard with (pseudo) spin N. Lambert, R. Aguado,

TB 2005.
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Two Double Quantum Dots: Coulomb-Coupling U

e Total Hamiltonian H = Hy + H7 + Hyes.

e Double qubit

Ho = Y (i@l — ) + T(al) + afy,) )
1=1,2

U /.. (1) «
=+ 5 (ng)nf) + ng)ng)) .
e Electron reservoir Hamiltonians H yes.

e Tunnel Hamiltonian

Hr =Y (Viid sitHe), & =0){a], a=LR, i=12
k
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Equilibrium Entanglement (H7 = 0) for p(T') = e "/T /7

T/Tc
—
* C e Concurrence from four ei-
i genvalues of H.
15
I e p(T)) too mixed to be
f 1 entangled below certain
1 f U-threshold (cf. Werner
| state).
05| e Entanglement maximum at
| optimal U -value.
0' N. Lambert 2005.
b 3 U/Tc
0 5
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Non-Equilibrium Entanglement (H7 # 0).

T'r/T.
2(1;/ e Concurrence of two-electron
: c >
0 projection Pp.,, good for
FL >> FR.
15,
e Zero entanglement below
0.3 2
U Y 2Tc /FR
101 e State strongly mixed for

I'r — 0, continuous from

U =0.
51
e Zeno-trapped forl'p — o0:
pure left and un-entangled.
0 | | | | - U/T.
0 5 10 15 20 25

N. Lambert 2005.
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non-equilibrium:
increasing I'
R

equilibrium:
decreasing temperature

Single DQD Bloch-sphere (I';, — o0) in L-R basis.
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Non-equilibrium noise spectrum .S;; (w)
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Entanglement and cross-noise Fano factor Fo = S12(0)/2el
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e Qualitative resemblence to

concurrence C'.

e Switching on in C corre-
sponds to negative-positive

re-emergence in F'.




Concurrence and cross-noise Fano factor [19 = S12(0)/2el
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Summary
e NV = 1, 2 ‘Non-equilibrium qubits’
e ‘3 state transport pseudo-spin-boson’ model: dissipation, guantum noise.
e QIP tasks, Q-Optics effects, NEMS stuff (single phonon).

e So far infinite bias limit. Finite bias: Co-tunneling, Kondo physics ...

TB, Phys. Rep. 408, 315 (2005).

T. Brandes Lancaster, 8 Jan 2006



e Polaron-Transformation (POL) — NIBA (non-interacting  blib  approximati-

A

on): calculate [, and >, using bosonic correlation function

cH(z) = [7 dte=#telmliEt exp(— [ dw% [(1 — coswt) coth (%") + i sin wt} ).

e Polaron tunneling ~~ ‘boson shake-up’ effect

e Re|C.(2)]|,=+iw = mP(e F w) : P(E)-Theory.

[
o
1l

C /e 1/

T. Fujisawa, T. H. Oosterkamp,
W. G. van der Wiel, B. W. Bro-

er, R. Aguado, S. Tarucha, and
L. P. Kouwenhoven, Science 282,
932 (1998)
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