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WAVE-FUNCTION BASED APPROACHES

A HIERARCHY OF APPROXIMATIONS

Restricted Hartree-Fock (RHF)
All spin and space symmetries are preserved

Double occupancy / e-densities: circularly symmetric W h en E 0SS | b I e

Single Slater determinant (central mean figld)

' Correlations ( small ) :
Unrestricted Hartree-Fock (UHF) H ! l h NU merical

Total-spin and space symmetries (rotational o

parity) are broken / Different orbitals for different spins Non-linear equations accu rac !

Solutions with lower symmetry (point-group symmetry) Bif .
Lower symmetry explicit in electron densities lturcations

Single Slater determinant (non-central mean field)
‘ EMERGENT
Pople-Nesbet Eqs.
20 harmanic-oscillator basis set PHENOMENA
Two coupled matrix Eqs. (for up and down spins)

\/

Restoration of symmetry via projection techniques

Total Energy
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Superposition of UHF Slater det s (beyond mean field)
e-densities: circularly symmetric
Good total spin and angular momenta

Lower symmetry is INTRINSIC (or HIDDEN) of many-body equatons Pair correlation func tions,

Detection of broken symmetry:

CPDs and rovibrational excitations of quantum dots
CPDs and dissociation of quantum dot molecules C P D S

Restoration of linearity

Dynamical corr.

Yannouleas and Landman, Rep. Prog. Phys. 70, 2067 (2007)




(to strongly-correlated systems
like 2D electrostatic QDs)

1) Detailed description of
(advantage over DFT, etc...) [first part]

2) Description of many-body
(advantage over DFT, efc...) [first part]

3) in QDs (current intensity,
In Aharonov-Bohm interferometry)
[second part]




CONTROLLING PARAMETERS

IN SINGLE QD'S: WIGNER CRYSTALLIZATION

e Essential Parameter at B=0: (parabolic confinement)
2 3
R, = (e ""‘:'a)/?‘wu ~ 1/ (H Luﬂ)

e AN

1/2

* 12 Spatial Extent
lD = (-Fl /m L!.JG) } P

of 1s s.p. state

k : dielectric const. (12.9)

m”: e effective mass (0.067 m,) GaAS

fuw, (5-1meV) => R, (1.48-3.31)

e |[n a magnetic field, essential parameter is B itself

IN QDM'S: DISSOCIATION (Electron puddles, Mott transition)

Essential parameters: Separation (d)
Potential barrier (Vb)
Magnetic field (B)

Rs = gm/(2mh°)




WP (S, S k) = > O (S.S::k)|SD(I; N, S.))

[ ~ 100,000 Slater determinant

How does one describe entanglement in EXD wfs?

Measure of how
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“THE WAY DOWN" TWO-STEP METHOD

SECOND STEP:
RESTORATION OF SYMMETRIES VIA PROJECTION

TOTAL SPIN:

_ ]—[ S2 —§'(s + )i
B i [s(s + 1) — s'(s' + D]

Py = h-"’-[(Nq CNWP/AEN/2+ Y W;’jj|¢Ul—lF localized orbitals

i{f

| rnierchamgts Jp: “
Two electrons 1th a DQD:

lp(s_:\-’B(]-r 2) — ns\@pg llJUHF(lf 2)& S | Y‘

24/2PoWune(1,2) = (1 — @iV 2Wyuns(l, 2)

= |u(1)a(2)) - |a(e). fweo det.’s I l

GVB, Generalized Valence Bond

GHL, Generalized Heitler London 1 ) ! mmet ry breakin 9
Y&L, Eur. Phys. J. D 16, 373 (2001) 2) Symmetry

Int. J. Quantum Chem. 90, 699 (2002) restoration




ETH single QD
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Canonical form:
M
v E;;D (ri,ra) = E ;f D(1; 2k — 1)P(2; 2k))
k=1
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2e elliptic QD
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Measure of Entanglement  quantum Computing)




Canonical form:
M

I'I:KD( 1,T2) = Zz;ﬁf@(l; 2%k —1)®(2:2k))
k=1

Ve, o [@T(LNT(2 ) —n[@~(1 7)™

Measure of Entanglement (Quantum Computing)




How does one describe entanglement in EXD wfs?

(b) In EXD total spin and its spin projection
are good quantum numbers

Spin degeneracies
Branching diagram

Figure 2.3.  Branching diagram.




Control and measurement of three-qubit L :
Qubits with trapped ions |
entangled states

C. F. Roos’, Mark Riebe', H. Hiffner!, W. Hansel,
J. Benhelm!, G. P. T. Lancaster', C. Becher!,
F. Schmidt-Kaler' & R. Blatt'2
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* Basics of ion trap quantum computers S = D transitions in alkaline earths:

* Entangling operations (Bell states, CNOT) Ca’, Sr. Ba", Ra", (Yb*, Hg") etc.

» Generation of W-and GHZ-states

AG Quantenoplik
urd Spekicskopie

* Selective read-out of a quantum register

: . : BUEV R E led ith three i
* Entanglement transformation by condional operations i
Sl GHZ-states: |EEEE=II3)]

The system: String of °Ca* ions in a linear Paul trap |
4 ions in a linear Paul
TR trap form a quantum
i/

"ESETLYS S DD + DSD + DDS)

70 pm



=6.274 meV
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3.137 meV: hwy
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3e -- Single elliptical QD
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Formation of three-electron Wigner molecule

o §4$>+B (4 ¢ p>+vId e

Entangled three-qubit

) a=2, B=—1, =1 => (1/2,1/2; 1)
2) =0, B=1, =1 => (1/2,1/2; 2)
1 =>(3/2,1/2)




Study entanglement by using
Spin resolved CPDs for EXD wfs

Ground-state (1/2,1/2); hwx=3.137 meV; hwx/hwy=1/2;
m*:O.OG?mE; B=0: K=1

Electron density




L=1; S=1/2,S,=1/2; R, =

OE (yo) =111+ [ 1) +e 2™B]17 )

(I)mn 7/0 |lTT>‘|‘(3_2TF“ >‘|‘82ﬂ“

wave function ; WM; not pinned;
Cyclic group symmetry




Formation of 4-electron Wigner molecule

(5=1,5z=1) Lowest energy




General spin function for a
(S=0,5z =0) state with N=4
localized electrons

5 €os 0 — \ 0 S1n h') | ITLT) + \ 3 sif| | |[T1)

(in book by K. Varga)

It is a multideterminantal wf!
It expresses entanglement!
(non-symmetric Dicke state!)




(5=0,5z =0)

Second lowest energy
with these quantum
numbers




(S=1,Sz=1) Lowest
energy with these
quantum numbers

phed- - 1pebé-




linear Wigner molecules

linear Wigner Molecule
entangled W and Dicke states

degree of entanglement indistinguishable
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Amplitude of AB oscillations (a.u.)

-80 =60 -0

Y320 —4on Plunger voltage, V. (my)

-universal regime Universal regime

v

It is essential to have the best description for the QD electronic structure

see e.g. Yannouleas and Landman, Rep. Prog. Phys. 70, 2067 (2007)




Non-universal regime:
Current and transmission phase depend strongly on the details and

electronic structure (many-body problem) of the quantum dot .
They vary slowly with the tunneling coupling in a given experimental setup.

® John Bardeen’s seminal paper: “Tunneling from a many-body point of view’
PRL 6, 57 (1961) --

e J.M. Kinaret et al., PRB 46, 4681 (1992) --

e For - S.A. Gurvitz, PRB 77, 201302 (2008)
(only first half of paper)




H=H;, +Hpr+ Hp + Hp

Hyp = ( Zf Q) ; o ;f a; + [ I) + H.c.

Tails under a
tall barrier

Previous calculations:
QD described with independent-particle model
(Hackenbroich et al, PRL 76, 110 (1996))

This study: Electronic structure of QD described through
( , includes e-e correlations)




eta=0.724
LQP (1‘) kappa=12.5

amplitude transmission
(modulus square) phase
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(0,0) N=2 > N=3 (1/2,1/2)




eta=0.724
LQP (1‘) kappa=12.5

amplitude transmission
(modulus square) phase

Energy (meV)

(0,0) N=2 > N=3 (1/2,1/2)




Yellow 2> 0 (Yes PL)

Strength of e-e interaction:

Dielectric constant K

Anisotropy:
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Yuesong Li et al, PRB 76, 245310 (2007)




Yellow > 0 (Yes PL)V

Strength of e-e interaction:

TS | |
A% V6003 Dielectric constant K

l' Anisotropy:
Doorway excited states




Non-universal regime of electron interferometry can be described using
Bardeen’s weak-coupling theory and exact diagonalization for QD

We find (in agreement with experiment):
a) for N=1 > N=2:

b) for N=2 > N=3:

Agreement for QDs with anisotropy and strong e-e repulsion,
favoring regime of Wigner molecule formation

Importance of and many-body




