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Overview

» Motivation: Electronically confined quantum dots

in a Si/SiGe quantum well are proposed to be used for
guantum computers. The exchange coupling is used
for two-qubit gates. [PRB, 67, 121301R (2003)]

* Question: Would the exchange coupling in the Si-
QD architecture oscillate rapidly with change of gate
positions as predicted in Si:P architecture?

[PRL, 88, 27903 (2002)]

e Result: Tight-binding simulation shows that the
exchange coupling varies smoothly with the change of
gate positions. No atomic-level oscillatory behavior is
observed.

» Conclusion: Si-QD-based quantum computer
architecture do not require gate positioning in atomic
level precision.
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Facts
. Si:P architecture uses a donor electron or nuclear spin state as a qubit, and uses exchange
coupling for two-qubit gates.
. Si has the six conduction band minima (valleys) located along the <100> directions, leading
to the fast oscillations in the donor electron wave functions.
. It was predicted that the interference between these valleys causes fast oscillations in the
exchange coupling with respect to inter-donor distance.

(a) Dunm' nuclear spin (b) ?)n_nnr electron spin NCT e
S1quantum computer SiGe quantum computer ' §i small displacements
F A { @ Ge lattice sites
A i A top gates 05 3 + Ge small displacements
I | L= . Wi
NIRRT YAy S
Ge E 00 =
barrier ; g 2
; barrier Sig21 Gey E
@
c 05
Sig 15 Gepg 3
Sie e . 4 & 4
e A - R i, G E
. 5 L] Aipt  3ipt lpa“ € g 0.0
Up! Hpt barrier Siy 3 Gey -
05

- = oround plane n-Sin . Geg e
R~ 100-200 A ; :

substrate : S 0.080“ _I;ie1r?gonor distanlzao{An slram:wD
substrate Si ’
Ey—. Ry p— B. Koiller et al., PRL, 88, 27903 (2002)
Nature 393, 133 (1998) PRA, 62, 012306 (2000) B. Koiller et al. PRB, 66, 115201 (2002)

IWCE, Purdue, Oct. 24-27, 2004 Seungwon Lee JI L



Exchange Coupling in Si QD quantum computer

Theoretical Arguments
« Strain reduces the six-fold valley degeneracy to two-fold, eliminating the fast oscillations of
electron wave functions in the quantum well plane.
« Confinement potential aligns the oscillation of the electron density along out-of-plane direction.
» Therefore, the source of the fast oscillation of the exchange coupling, the intervalley electronic
interference, is eliminated in Si/SiGe quantum-dot architecture.
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Si Double Quantum Dot

Experimental Setup Theoretical Setup

1. Gate Potential
2 2 2
V, (r) = A{Ll—exp[-(x"+y“)/a’]}

+Ez
Topgates 0.5 um Si ., Ge 4, where A =0.02 eV, a=5.5 nm,
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0.25 pm “*81 4, Ge 5 2. Quantum Well
0.25 um *Si , Ge 5 : i ' '
JATRL 01 75 338 25 8.5 nm thick, strained Si well with hard wall

E =0.02 eV/nm, d =25-30 nm
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* Tight-binding model for single-electron
- nearest neighbor interaction
- sp3d>s” orbitals
- strain-dependent TB parameters
[PRB, 69, 115201 (2004)]
* Configuration interaction for two-electron
* Simulation performed with NEMO3D
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Single-Electron States in Si Double QD
Empirical Tight Binding Model
TB Hamiltonian includes 640,000 atoms (6,400,000 basis states).
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Two-Electron States in Si Double QD

Configuration Interaction
Two-electron Hamiltonian includes 28 basis states.

Single-Electron States Hl(p, "]V/i> = Ei‘l//i> ~ |
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Exchange Coupling vs Inter-Dot Distance
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Exchange Coupling vs Inter-Dot Distance

0.20 —
Two-electron Levels
Y Singlet =
E o015
Exchange Coupling (J) g
£y
Triplet §
E o0
Two-qubit Operations =
1 2 (}.{}519 ; 30

smoothly without atomic-level oscillations.
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1. As the inter-dot distance increases, the exchange coupling decays

2. Quantum-computer architectures based on Si/SiGe quantum dots do
not require gate positioning with atomic-level precision.
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Summary

 We address the stability of exchange coupling with
respect to gate positioning in Si-QD-based quantum
computer architecture.

 We expect that strong in-plane strain and Bwj 'T\p!gr’l
confinement potential would eliminate the suantum cots
intervalley interference, the source of oscillatory PRB, 67, 121301 (2003)

exchange coupling.
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» We find with tight-binding simulation that the
exchange coupling varies smoothly with the change
of gate positions.
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» Si/SiGe QD based quantum computer architecture
do not require gate positioning with atomic level
precision.
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