RPA in quantum dots
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The random-phase approximatcn has bezn used o compuwe the propermes of parabolic nvo-dimens:cnal
quzntnm dots bevond the mean-field approxamation. Special emphasis 15 put oa the ground state cerrelation
energy, the synunsiry restorztion., and the role of the spunovs modss widun the randem-phase approximation.
A systemztos with the Conlombic interaction strength is presented for the 2-el=ctron dot, while for the 6- and
-2 electron dots selected cases zrz discussed. The validity of the random phzse spproximation 15 assessed by
companscn with available exact results.
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1 Introduction SEMICONDUCTOR QUANTUM DOTS
electron islands with quantized motion

etching process

microel ectrodes

artificial atoms with contacts
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Discrete energy levels.

Variation with deformation

Single-particle energies [h ©]
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1 Vertical quantum dot structure | 2 Artificial atoms

~0.5 um a a0l

adkittion amirgy (mevi
=

current (pA)

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 layers that conduct electricity, c
and are separated from the quantum dot by

tunnel barriers 10 nm thick. When a negative

voltage is applied to the metal side gate

around the pillar, it reduces the diameter of

the dot from about 500 nim to zero, causing

electrons to leave the dot one ata time.
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HF mean field
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s The HF equations in oscillator basis
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o densies pur(r) = X [(r[i)]? = X |@i(r)],
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FIG. 1. HF densities for the N=2 quantum dot with varying R ;-
parameter (shown in the upper left corner of each panel). From the
outermost contour line inwards each line corresponds, respectively,
to a density of 0.05, 0.10, 0.15, ... | etc 1n units of f'az. The cutoff
i the basis has been chosen £ _=10.6 E,, corresponding to a basis
size \/=55.
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FIG. 2. Same as Fig. 1 for the V=6 and 12 quantum dots. For
clarity the upper plots display a 3D view of the corresponding den-
sitics. The confour lines are defined as in Fig. 2 and we have used
Ryp=1.89. The basis cuteffs for N=6 and 12 are E.
=16 E, and 18 E,. respectively.
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RPA excitations Oi = > (Y(?) al a; — Z(Ai) a;f&m> :
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FIG. 3. Evolution of the RPA excitation spectra with the number
of particle states mcluded. The results correspond to N=2 with
Ry=1 (lett) and 2 (right). The same scale has been used in both
panels for a better comparison. Note that increasingly higher RPA

exeitations appear as N, 1s mcreased. The same basis size and cut-
off of Fig. 1 have been used.

Spurious mode
associated with the
broken symmetry
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FIG. 4. Same as Fig. 3 for the N=6 and 12 quantum dots.
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[0 Response (strength) functions and sum rules
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Recall thatin RPA  (X\|W|vrpa) = (vrpa|OAW |vrpa) = (vrpA|[Ox, W]|UrPA)
~ (0][Ox, W]v) = > (Yo imi + Ziyiwinm)

me

For comparison, in HF

S(B) = S 4(B — em) (mi W |v)

! 2
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B | |
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Sum rules: energy weighted moments

Sk = ?(hwx)k [ (AW |vrpa) | -
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I'IG. 5. TII' and RPA excitation cross sections for the N=6
quantum dot. Vertical bars show in an arbitrary scale the position
and height [or each stale wlile the solid line displays (he accumu-
lated contributions to the S1 sum rule. Left and right panels corre-
spond to the dipole (x) and rotation (€.) operators, respectively.
The inset in the bottom-right panel shows an enlarged view, using
logarithmic scales, of the RPA (. cross section.
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RPA ground state and its energy

= Vacuum condition O)\’URPA> =0, for all \.

= Energy Erpa = Eur — Agpa -
Correlation g ]
energy
1
ARPA — = (TTA — Z h(,U)\> .
2 QJ)\>0
s Occupation numbers
1
(vrpalalanlores) = 5 S [V
1
(vmpalalaiforea) = 1= 5 SV

Plus spurious mode contribution
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FIG. 7. Results for the two-electron dot as a function of R .
Right scalc corresponds to the occupation numbers of the HF hole
state (solid symbols) while left scale indicates the ground state en-
ergies in HF (circles), RPA (squares) and exact solution (triangles).
See the discussion about occupation numbers see in Sec. IV C.
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FIG. 6. Convergence with number of particle states of the RPA
correction energy Appy . The extrapolated line as well as the exact
value (horizontal line) are alse shown. The exact values for N=6
and 12 have been taken from the Monte Carlo results of Ref. 17.
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FIG. 8. Occupation numbers within RPA of the HF single-
particle orbitals. The step function shown with a dashed line sepa-
rates fully occupied from unoccuppied HF orbitals m the mean-field
picture.
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0 Symmetry restoration

FIG. 10. RPA symmetry restoration of the HF densities dis-
played in Fig. 2.



Conclusions

= An application of RPA theory to quantum dots
s Coulomb interaction

m Based on the HF description

s  Symmetry breaking for strong interaction

m EXxcited states in RPA

m Spurious modes

s Correlation energies

s Occupation numbers

m  Symmetry restoration



