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Quantum dots.
Surface gate on 2DEG structures (GaAs/AlGaAs)
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Continuous measurement.

Current through the QPC, a measurement record.
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Measurement of quantum tunnelling.
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Quantum measurement.

A measured system is an open system.
Reversible interaction: measured system + pointer.

Irreversible interaction: pointer 4+ environment.

measured system

apparatus



(Quantum measurement.

Two questions:

e What is the measured system state given a record of measured

results: conditional dynamics.

e What is the measured system state averaged over all measured

results: unconditional dynamics.



Master equation for a single dot.

s i

Left ohmic contact y y Right ohmic contact
L R

@ = % (QCT,OC — chfp — pccT> + 77}% (QCpCT — cTcp — chc>

dt
VL TR
= ?D[CT],O + 71?[0],0

Dlc'lp = TlcMp — Alc]p,
Jlcp = cpe, jump super operator
Alc'lp = (ectp+ pec) /2.

GJM Aust.J.Phys. 53, (2000) .



Stochastic processes in a single dot.
Dot population:

Define classical stochastic processes
aMI)) = dM(1),
EldM;(t)] = vr{ec)e(t)dt = y1(1 — (n)c(t))dt
EldM(t)] = ~r{cTe)(t)dt = yr(n)c(t))dt
Observed current through the dot;
J(t)dt = g(ndL(t) +dME()

In steady state:

CYLYR
Jo =
YL + VR
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Measurement with a point contact.
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If dot is charged, the QPC tunnel barrier is raised.

Readout the macroscopic current through the point contact.
Pointer variable is number of electrons tunnelling.
Environment is the Fermi reservoirs in left and right leads.
Leads in local equilibrium: chemical potentials uy,, pig.



Hamiltonian.

H = HQD + HQPC -+ Hcoup

where
Hop = hwc'c

Hopc = h)_ (wéahauﬁ + CU]?CLTRkCLRk> + > (quaTLkaRq + 1 kaRqaLk>
k k,q

Heowp = D cle (quaTLkaRq + X;kaTRqaLk) .
k.q

Hpc : tunnelling in the QPC.
Heoup: QD modified tunnelling in QPC.
Ci s CT . Fermi operators in the QD system.

arr, arr - Fermi operators for the left and right reservoirs.
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Unconditional dynamics: master equation.

H.-S. Goan and GJM, Phys. Rev. B 63, 125526-1 , 2001
p(t) = vDlc'p+vrDlclp + D[T + Xnlp(t)
= Lp(t),

D|Blp= J|Blp — AlB]p,

J|Blp = BpB", jump super operator
A[Blp = (B'Bp+ pB'B)/2.
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The measured signal in QPC.
The measured signal: current through the PC, a conditional

stochastic point process.

D = |T|*: tunnel rate when n = 0

D' =|T + X|* : tunnel rate when n = 1.
Steady state current in QPC:
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Conditional current in QPC

I.(t) =eD + ¢e(D" — D){(n).(t)
Random telegraph process with two current values D, D’

and transition rates v, Vg.

E(I(t). I(s)) = e*(D — D')?— R __o=(rmtan)lt—s|
(1(1),1(s)) = €e( )(w+m)2

02
Gr(1) = §T7“ (yzee" + yrc’e)e T [pool] = Todo

_ (v — vg)(D — D)~ Or+imT

2(vz + Vr)?
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Noise power spectrum in QPC

Define the noise power in the QPC current as

Popc = [ dtE(I(t),1(0))

2(D — D')*yvyR
(ve +vr)?

Poprc =
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Conditional dynamics of the dot

What is the dynamics of the dot given a QPC measurement record?

It = dN.(1) {‘7 chsuLe 1] ()

+dt {=A[T + Xn]p.(t) + Pic(t)pe(t)}
. D[ct pedt + YDl pedt,

where

Pic(t) = D + (D' — D){(n).(t).

(recall I.(t) = eD + e(D" — D)(n).(t), conditional current in QPC)
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Conditional dynamics of dot.
Diffusive limit: 7 >> y, large QPC current.

Approximate Poisson process by diffusion process.

pe(t) = vD[c'pe + vrDlc)pe + D[T + Xn]p.(t)

w)’;‘ T X mpelt) + X T pelt)n — 2Re(T*X)(n)e(t)pelt)].

Assume 7 and y real and opposite sign,

D=|T]?, D' =|T — y|>

dg?c = v (1 — (n)e) — vr(N)e — 2x(1 — (n))(N)£(T)

Note: noise turns off at (n). =1 or 0,

called localisation, in other words, quantum state reduction.
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Measurement of quantum tunnelling.
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Hamiltonian.

H = HCQD + HPC + 7_(coup

HCQD = h [Wl(;{cl + WQCECQ - Q(CICQ + Cgcl)} :
Hpe = h)_ (w,faTLkaLk + wfa%kam) +> (quazkaRq + T;ka}}qam) :
k k,q
Heoup = Z Cicl (quaTLk:aRq + X:;ka}%qaLk) :
k.q

Hegp : tunnelling in QD system.

‘Hpc : tunnelling in the PC.

Heoup: QD modified tunnelling in PC.

Ci, c}L . Fermi operators in the QD system.

ark, ark - Fermi operators for the left and right reservoirs.
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Unconditional dynamics: matrix elements.

Measurement of number — decoherence in number basis.

p11(t) = Qp12(t) — par(t))
pra(t) = i€pra(t) +iQpui(t) — poa(t)] — (|X[*/2) pra(2)
+iIm(77X) p12(2),

hE = h(wy — wy) : energy mismatch between the dots,
Iy = |X|?/2: the decoherence rate,
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Conditional dynamics.

Current through the PC: i(t) = edN(t)/dt.

Conditional point process:

E[AN.()] = Tr[pr(t + dt)] = [D + (D' — D){ny)(t)]dt.

Conditional master equation:

+ dt {no jump},

— 1] pe(t)
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Conditional dynamics.

Quantum jump limit: D' = |7 + x|* = 0.
Can resolve individual tunnelling events.

Define: 2.(t) = P.(2,t) — P.(1,1).
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Conditional dynamics.

Localisation rate: average rate for conditional state to approach

an n; eigenstate.
ie. for E(z.(t)*) = 1.

fyjump _ (D/ L D)2
loc (D/ _|_ D)

Good measurement: D' =0: A" =T

Localisation rate = decoherence rate.

Good measurement: the conditional state approaches an

eigenstate of the measured operator at the decoherence rate.
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Conditional dynamics.

Diffusive limit: |7] >> |x/|, individual events cannot be resolved.

(

pe(t) = 7 Hegp, pe(t)] + DT + Xnqlp.(t)
w)’;‘ T X mpe(t) + X T pu(t)ny — 2Re(T*X) (n1)e(t)po(t)]
Define:

p(t) = [ + (t)on +y(t)oy, + 2(t)o.] /2,

o;; Pauli matrices.
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Conditional dynamics.

Conditional number difference between the dots: z.(t),

dz.(t)
dt

— 20y.(t) — VAT [1 - (1)) £(t).
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Conditional dynamics.

Initial state is |1).
(=1,E=0,0=m, |X]* =

3, (d) 5.
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Creation of entanglement by measurement.

tunnel junctions

Cooper pair box
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Creation of entanglement by measurement.
Sun et al. quant-ph/0504056

Diagonalise Hopp at n =1/2

h
H = hw.a'a + %OZ — hglao, +a'o_)
hwea'a: cavity field
0., diagonal in charge basis, {|0), |1)}.
O+ = ol = 11){0]
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Dispersive limit.

Walraff et al. Nature, (2004)
Take dispersive limit: § = (w. — wy) is large,

H; ~ hya'ao,
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CQED as a qubit bus mode.

Sarovar, Goan, Spiller , GJM, Phys. Rev. A, 72, 062327 (2005)

Two CPB qubits, dispersive limit.
Hy = 2xJ.a'a + x(07 0 + 05 07)

where J, = 0,1 + 0.9.

e~ 77010100 > 4|01 > +[10 > +[11 >)|a)
= |00)|ae®) + |11)|ce™ ) + (|10) + |01))|ar)

Measure phase of field by homodyne detection.
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CQED as a qubit bus mode.

\ [01>+/10>

Nemoto & Munro. PRL 2004.
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Feedback creation of entanglement.

Feedback homodyne current from SET to change bias conditions
of the CPB.

Process signal by low-pass filter:

N/ tt’dl)

Add control Hamiltonian

Hrp = )\R(t)S(O'xl —+ O'xg)

31



Feedback creation of entanglement.

dly(t)) = [—iH - gﬂfﬂ] w(t)) dt + dI (t)a|w(t))
— ARV Ty |w(t)) dt

=
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=
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Feedback creation of entanglement.

fidelity for 101>+110>
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Sarovar et al., Phys. Rev. A 72, 062327 (2005)
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