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Three (among others) major nuclear aspects:

GIANT DIPOLE RESONANCE
. NUCLEI ... CLUSTERS

(via matrix RPA/LDA) in metal clusters
[see, e.g., Yannouleas, Broglia, Brack, Bortignon,

PRL 63, 255 (1989)]

(via Strutinsky approach) in metal clusters
[see, e.g., Yannouleas, Landman, Barnett, in “Metal Clusters”,
edited by W. Ekardt, John-Wiley, 1999]

in 2D semiconductor
quantum dots and ultracold bosonic traps via
symmetry breaking/symmetry restoration

in conjunction with exact diagonalization (full Cl)
[see, e.g., Yannouleas, Landman,
Rep. Prog. Phys. 70, 2067 (2007)]
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Strutinsky’s approach - Shell correction method (SCM)




Electronic shells in 3D condensed-matter nanosystems:
(metal clusters, metallic nanowires, fullerenes, superatom-type
systems: e.g., excited fullerenes, passivated gold clusters)
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W.D. Knight et al., Phys. Rev. Lett. 52, 2141 (1984)

8, 20, 40, 58, 92, 138, ...

FIG. 2. Energy-level occupations for
dimensional, harmonic, intermediate, and square-well poten
tials. After Mayer and Jensen, 1955,

Qualitative explanation of magic numbers (most stable clusters):
discrete single-particle energy levels in central potential




EXPERIMENTAL EVIDENCE FOR MAGIC NUMBERS Furihes spiiing  MuEiglicy

Cluarue srsgy "i:l"'_- I'ilfll'l-ﬂ'l'bl" ol atetes
K giates of palenial it
18 tat i N
Excitation energy i A 4

of first excited state —n

in doubly-even nuclei Maria Goeppert Mayer
\ (1906-1972)

126

§
|
%
?
|

Brussaard and Glaudemans 1977

Hans Jensen
(1907-1973)

Qualitative explanation of magic numbers (most stable nuclei):
Discrete single-particle energy levels in central potential




V. M. Strutinsky, Nucl. Phys. A 95, 420 (1967);
Nucl. Phys. A122, 1 (1968)

M. Brack et al., Rev. Mod. Phys. 44, 320 (1972)

Super heavy nuclei: Island vs Peninsula of stability

V.M. Strutinsky

Stable ‘Mountains'
Lead - Uranium

Neutron Number, N

Proton Number, Z




TWO VARIANTS OF SCM
in condensed-matter nanosystems:

1) Fully microscopic (DFT-SCM) /
Based on approximate sp density —
Extended Thomas Fermi (ETF)

Literature: Y&L, PRB 48, 8376 (1993)
B. Zhou & Y.A. Wang, JCP 124, 081107 2006; JCP 127, 064101 (2007)

2) Semiempirical (SE-SCM)
Based on an approximate central potential
+ liguid drop model for smooth variation

Y&L, PRB 51, 1902 (1995) (condensed matter: metal clusters)

Used extensively in nuclear physics




DFT-SCM: Intuitive presentation

W. Ekardt, PRB 29, 1558 (1984):
Na clusters, KS-DFT / 3D Spherical Jellium Background Model

35 iP
2P 20 iF

25
[P [ o [[0F [ e [ [ ][]

i~

2 4 6 8 W 2 W Bt D

g - rilau)
! "
e

- . e WY .:’_"

- e .-.-__-: S _.7J'

wiork function {ey )

N N -
Eyn=3(i| —A|i)=3 &~ [dTp(FIW(T:p()) KOh”DSI':hTam
i =1 i=1




What about the Extended Thomas Fermi (ETF)?
ETF potentials ETF/ Smooth

Energy, eV

occ

Yannouleas & Landman,

PRB 48,8376 (1993) > IEES Zl = / pprF (r)VerF (r)dr,

AEq, =T, — Terr|pETF)




PHFEF — ﬁ T ri e

Self-consistent density = tilde smooth (ETF) + fluctuating parts

occ

Eur = Z et _ 5 / drde'V(r — ') pgr(v.v)pgr(’, ') — pgp(r.r’)?]
i=1 =
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§IH p(r)] + Vf(r)} p(r)} dr + /’S:rc:fj(r)]dr + Ly

occ

_ ] Non-self-consistent
Ty = Ei — /(JETF(I‘)L’ETF(F)dI‘e ]
; _ (orbital-free)

DFT-SCM




Y&L, Chem. Phys. Lett. 217, 175 (1994)

Charging energies

lonization
Potentials/
Electron
Affinities



Y&L, PRB 51, 1902 (1995)

(triaxial oscillator)




ETF (smooth) energy: expansion in N, N23, N1/3)
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Y&L, PRB 51, 1902 (1995)




lonization potentials

Sodium clusters/ zero temperature Potassium clusters/ temperature

Y&L, PRL 78, 1424 (1997)
Y&L, PRB 51, 1902 (1995)




Na102+ - Na7+ + Na3+

Yannouleas and Landman,
J. Phys. Chem. 99, 14577 (1995)

TEMPERATURE EFFECTS

Thermal quenching of electronic
shells in cluster fission

2+ + -+
K3 — Kp + Kjp_p

C. Yannouleas, U. Landman, C. Brechignac,

Ph. Cahuzac, B. Concina, and J. Leygnier ,
Phys. Rev. Lett. 89, 173403 (2002)




Shell Correction Method provides a quantitatively accurate
approach for calculating the effects from the term
(electronic shell effects) in finite condensed-matter systems

Two variants: OF-DFT-SCM (employing ETF/ 4t-order?)
Semiempirical-SCM (external potential +LDM)

An unexpected journey: from
to metal clusters (1993)

to orbital-free-DFT for extended systems (2006)




SECOND PART




Strong correlations and
symmetry breaking/restoration
in 2D finite systems

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

(ultracold bosons & graphene dots)
(electrons in QDs)
(electrons in Quantum Dot Molecules)

(ultracold bosons & electrons in QDs)




drair

side gate

The quantum-dot structure studied at Delft
and NTT in Japan is fabricated in the shape of
a round pillar. The source and drain are doped
semiconductor lavers that conduct electricity,
and are separated from the guantum dot by
tunnel barriers 10 nm thick. When a negative
vDltage is applied to the metal side gate
around the pillar, it reduces the diameter of
the dot from about 500 nm to zero, causing
2lectrons 1o leave the dot one at a tume

Vertical QD (Delft)

Plunger
Gate

188n
4. 088

FIG. 1. SEM image of the gate geometry forming the gquantum
dot. This geometry enables a precisely known number of electrons
(N=0.1.2,....500 to be trapped (Ref. 13) and produces a quasipa-
rabolic confinement potential. Sweeping the plunger-gate voltage
tunes hoth the shape and the chemical potential of the quantum dot.

Lateral QD (Ottawa)

Lateral QD Molecule (Delft)




2D Periodic Table?
2,6,12, 20

Closed Shells

Kouwenhoven and Marcus, Physics World, June 1998




Wigner Crystals

DECEMBER 1, 1934

PHYSICAL REVIEW

VOLUME 46

On the Interaction of Electrons in Metals

E. WiGNER, Princeton University
(Received October 15, 1934)

The energy of interaction between free electrons in an
electron gas is considered. The interaction energy of
electrons with parallel spin is known to be that of the
space charges plus the exchange integrals, and these terms
modify the shape of the wave functions but slightly. The
interaction of the electrons with antiparallel spin, contains,

“correlation energy”
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fact that the electrons repell each other and try to keep
as far apart as possible. The total energy of the system
will be decreased through the corresponding modification
of the wave function. In the present paper it is attempted
to calculate this “correlation energy”” by an approximation
method which is, essentially, a development of the epergy

“If the electrons had no kinetic energy,
they settle in configurations which
correspond to the absolute minima of
the potential energy. These are close-

§  packed lattice configurations, with
R energies very near to that of the body-
centered lattice ... ”

Nobel
prize
1963

with
Goeppert-
Mayer/
Jensen

not for
Wigner
crystal




‘ Circular external confinement

in a 2D circular QD.
Electron density (ED) from
Unrestricted Hartree-Fock (UHF).
Symmetry breaking (localized orbitals).
Concentric polygonal rings

Lower energy isomer

Concentric rings: (0,6) left, (1,5) right

Coulomb = No capacitor

Concentric rings: (1,6,12)

Exact electron

densities

are circular!

No symmetries

are broken!
(small N)




Three electron anisotropic QD Py —

Method: Exact Diagonalization (EXD) confinement

Electron
Density
(ED)

(spin resolved)
Conditional
Probability
Distribution
(CPD)

Yuesong Li, Y&L,
Phys. Rev. B 76, ]
245310 (2007) Entangled thrEE'qult
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External confinement
Parabolic, single QD
Two-center oscillator
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with Vb control
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_JH can be generalized to:
Multi-component systems
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CONTROL PARAMETERS FOR SYMMETRY BREAKING

IN SINGLE QD'S: WIGNER CRYSTALLIZATION

e Essential Parameter at B=0: (parabolic confinement)
2 3
R, = (/&) huw, ~ 1/(hw)

e AN

1/2 :
. * Spatial Extent
lD_ (-F”(m L”{}) } of 1s s.p. state

1/2

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°)




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

Single Slater determinant (central mean figld)

. Correlations When OSSib| e
Unrestricted Hartree-Fock (UHF) ‘ Smal I N ! .

Total-spin and space symmetries (rotational o

parity) are broken / Different orbitals for different spins Non-linear equations H | g h numer | ca I

Solutions with lower symmetry (point-group symmetry)

Lower symmetry explicit in electron densities Bifurcations 3[
Single Slater determinant (non-central mean field) accurac
‘ EMERGENT
Pople-Nesbet Eqs.
2D harmonic-oscillator basis set PHENOMENA
Two coupled matrix Eqs. (for up and down spins)

\/

Restoration of symmetry via projection techniques

(Full Configuration Interaction)

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 Restoration of linearity

Lower symmatry is INTRINSIC (or HIDDEN) of many-body equatons

Detection of broken symmetry: Pall’ COrl’e/athn funCtlonS,

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

Dynamical corr.

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




Bosons (delta): Different orbitals (Permanent)

PR) o

> p(i,) P1Ti )p2(riy ).
1 (r — R-}E

exX —
J/TA P 2A?

A= R/2mQ) Q= 2/(2A2)

Electrons (Coulomb): DODS (Slater determmant)

Wigner molecule in a 2D circular QD.
Electron density (ED) from
Unrestricted Hartree-Fock.

Symmetry breaking (localized orbitals).

Concentric rings (1,6,12).




RESOLUTION OF SYMMETRY DILEMMA:

(Projection)!

 Per-Olov Lowdin

(Chemistry - Spin) | v T P ‘
 R.E. Peierls and J. Yoccoz | b{
y

(Nuclear Physics — L, rotations)




To restore the good angular momentum of the wave function
one can use the projection operator

Projected wave functions can be written as a Fourier transform
of unprojected wave function

Here | ® (6) ) is the original UBHF permanent, rotated by an azimutal
angle. The wave function | ®,5,) has not only good angular
momentum, but also its energy is lower than the energy of | & )

Romanovsky, Yannouleas, and Landman Romanovsky, Yannouleas, Baksmaty, Landman
Phys. Rev. Lett. 93, 230405 (2004) (RBMs) Phys. Rev. Lett. 97, 090401 (2006) (RBMs)
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Probability densities Rotating Frame Magnetic Field

ED




R, = =0

Probability densities Rotating Frame Magnetic Field




Exact Y&L, PRL 85, 1726 (2000) Quantum Dot Helium

2e QD, / \

COLLECTIVE MOTION OF RIGID
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(elliptic)
(Pinned WM)

C. Ellenberger et al.,
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(elliptic)
(Pinned WM)

C. Ellenberger et al.,
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ETH single QD




TWO-STEP METHOD

SECOND STEP:
RESTORATION OF SYMMETRIES VIA PROJECTION

TOTAL SPIN:

S —5'(s + i
1;[ [s(s +1) — 6" + DI’

S*dypr = 1 |:(Naf — Np)?/4+N/2 + Z E"ijj|¢UI—lF
] f{)i'

Intercharigts Ip: -
Two electrons in a DQD:

Weg(1,2) = 1/ 2P Uinar(1,2) €7 S Mgf at

24/2PoWunr(1,2) = (1 — wi2)v2Wypr(l, 2

= |[u(1)5(2)) - u(1)e(2)). ﬁuo det.’s

GVB, Generalized Valence Bond
GHL, Generalized Heitler London

Y &L, Eur. Phys. J. D 16, 373 (2001)
Int. J. Quantum Chem. 90, 699 (2002)

localized orbitals

b o

No circular
symmetry




H = H(I‘1) -+ H(I'Q) + 762/(’{’7“12)

0.00262

0.00132

2e-05 F
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Quantum Dot Helium Molecule
Ying Li, Y&L, Phys. Rev. B 80, 045326 (2009)
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Quantum Dot Helium Molecule
Ying Li, Y&L, Phys. Rev. B 80, 045326 (2009)
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Ground State Electron Densities
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No itinerant
ferromagnetism




bosons fermions
(SOFT ROTOR)

Constantine Yannouleas and Uzi Landman,
Phys. Rev. A 81, 023609 (2010)

Reminder: Zero magnetic field or no rotation leads to a
rigid rotor for strong interparticle repulsion




NO MAGNETIC FIELD

2D QD NO e-e INTERACTION
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Closed Shells: Open shells
2, 6,12, 20, ...

Fractional Quantum Hall Effect




N=3 bosons (delta) N=4 fermions (Coulomb)

® Translationally

Invariant (T1)
] ] ] ] ] ]

|
6 7 8 9 10 11 12 13 14

1.5




RXM -> RBM or REM

Pure rotations (cusp, vibrationless)
(molecular point-group symmetries)

(0,3) G 13@ 04<:> Vibrations

hi4lo+la=L

Zﬁ C(ly,1a,l13) Pe1‘111[:-<‘i1 2 25

0<1<la<l3

l

REMSs (analytic):
Yannouleas and Landman,

— PRB 66, 115315 (2002);
— ni1k nok
L = Lo+ niki + naks Rep. Prog. Phys. 70, 2067 (2007)




Under appropriate conditions, 2D electrons (and ultracold
repelling bosons) do localize and organize themselves in
geometric shells, forming

Rotating (or pinned) Wigner Molecules

(semiconductor and graphene Quantum Dots,

Ultracold rotating bosonic traps)

For electrons: organizing in electronic shells associated with
a confining central potential (Cluster physics/ jellium model)

For bosons: forming a Bose-Einstein condensate

In the LLL: Rovibrational molecular theory offers alternative
description to Laughlin and composite-fermion approaches
for the fractional quantum Hall effect




