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ATOMIC SCALE QUANTUM CIRCUITS IN SILICON-EXPERIMENTS
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ATOMIC SCALE QUANTUM CIRCUITS IN SILICON-EXPERIMENTS
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Electrons In bulk Si: Bloch states
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Hydrogenic model for P donors in Si

14 p+ 15 p+ V(I’): .

[-7°VZ12m™ +V (D] (r) =-E; w(r)

w(r) = (1/Vma*)exp(-r/a*), a*=a,e(m,/m*) ~ 30,&




perturbation potential:

V() =-——

eI Ry

Kohn-Luttinger electronic ground state
A, symmetry =non-degenerate

e (0= LR -Ro)u, () e

u=1,6 J
\ - Y,

ENVELOPE FUNCTIONS (variational):
deformed 1S hydrogenic orbitals centered at donor site*

PLANE WAVES - interference!



Bound electron ground state
electronic charge distribution

PLANE WAVES - interference

Koiller, Capaz, Hu & Das Sarma
PRB 70, 115207 (2004)



Hamiltonian — Chain of donors

Extended Hubbard-Kanamori Hamiltonian

H = ZEnm+ZtUc C]+ZU7’lmnm+ Z ijMioM;

Lo (8,7} ‘ i (i,j),0,0'
@-sne Hop@ G—Iubbard D|re>
Single electron terms Electron-electron interaction terms

Linear Combination of Dopant Orbitals (LCDO) at impurity sites.

1
Ground State (A; Symmetry): l/JAl (r— Ri) = _Z ¢u,
V6 u

*For simplicity, we assume isotropic s-like envelopes.



Single Electron Approach

| x|

Localization Length (&) definition: ¥ (x > ) ~e ¢

Technical Procedure: Transfer Matrix Technique

Transfer Matrix

4

Lyapunov Exponents (y;)

¢

Localization Length
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(Minimum Lyapunov Exponent)



Localization Properties — 1D Disordered Chain

Unavoidable positioning disorder

Off-Diagonal Disorder model

Monoelectronic Hamiltonian:

_ +
H = z €EiNjg T+ z tij,oCi,6Cjo
l,0

(i,j)0
Standard tight-binding procedure:

| € ~ (ilﬁi|i> = ED | EJ - Single electron energy (onsite energy) in a single donor D
(P, As, Sb, Bi)—Experimentally known with great accuracy.)

| tij = (]|Hl|l) =EPS(R,a,,.) | Nearest neighbor hopping 2 Two models.

S(R,a..) = (jli) » Wave-function Overlap (nearest neighbors)

Fast hopping estimate preserving physical insight! 9



Two Hopping Models

Explore relevance of valleys plane wave components [ e

-

ik, (F —R; )]

* Single-valley model [no plane-waves components].

e Multi-valley model.

1
tii. = tij { 3 [cos(kORx) + cos(koR,) + cos(kORZ)]}

cos terms come from valleys plane-waves interference.

Given the relative position vectors, both models lead to off-diagonal disordered H,
with specific values for the hoppings. Fixed bound disorder distributions.

10



Disorder: uncertainty radius 6

target
site

impurity i+ 1 [+ 2

One donor in one of the substitutional sites within each sphere or
disk centered at each target site with equal probability.

_ 3D disorder = & Sphere radius
2D disorder =» & Disk radius _




Criterion for electronic transport in finite chains

Decay Length (¢) definition: ¥ ~e ¢

¢ =» generalized localization length for finite chains.

Localized Regime
(Anderson Insulator)

|

i Electronic transport regime
| N

L $

System Length

»

Ens;mble of Chains with fixed Ensembles of ~10,000 Chains
° RO

e Hopping Model (SV or MV)
e Disorder Model (2D or 3D)

§(8, Ry)is calculated for each disorder realization
- Ensemble averages are performed




Maximum size of conductive chain

A(6,Ry) = Upper limit of a chain
lenght that sustains electronic
transport.

L<A= (((E)) > L = conductive

(...) 2 ensemble average.

p(donor/nm) 6=0.39 nm

0.25 0.17 0.13 0.10 0.08
= T T T T T T T ]

T [
125 | 2D (a) 1
Disorder 1
100 .
T
L 75} _
< i
50 3D -
- Rgr?.?nm Disorder-
25 .
I | | | | |
4 3] 8 10 12
Rp (nm)

The figure is for a fixed 9,
E = E, (band center)
and several values of Ry:

((Ey)) > L below each curve

13



Maximum size of conductive chain

Ohm's Law Survives to the Atomic Scale
B. Weber et al.

Science 335, 64 (2012);

DOI: 10.1126/science. 1214319
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Maximum size of conductive chain:

Non-monotonic fluctuations — Why?

Hopping t :
- larger absolute values =2

- broad distribution of values (disorder)

—> hinder transport.

Empirical “Figure of Merit”:
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Maximum size of conductive chain:
Non-monotonic fluctuations — Why?

Hopping t :
- larger absolute values = favor transport;
- broad distribution of values (disorder)

- hinder transport.

Empirical “Figure of Merit”:
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Conduction trends diagrams

Fraction of conducting states (all energies)

F = j DOS(EYE(ENO(E(E)) — L) dE

17



Conduction trends diagrams 18




Conclusions — Localization

e Electronic transport possible for fairly diluted 1D chains in size comparable with
experimental results (L = 100 nm).

* This behavior is expected to be enhanced for chains with smaller disorder radius
and if restricted to a plan (2D disorder).

e Possibility of control by design of electronic transport.

PHYSICAL REVIEW B 94, 115425 (2016)

Mitigating valley-driven localization in atomically thin dopant chains in Si

Amintor Dusko.” A. L. Saraiva. and Belita Koiller
Instituto de Fisica, Universidade Federal do Rio de Janeiro, Caixa Postal 685268, 21941-972 Rio de Janeiro, Brazil
(Received 31 March 2016; revised manuscript received 8 August 2016; published 19 September 2016)




Many-Body: complete extended Hubbard Hamiltonian

Substitutional Donors array (D) in Si

(

Periodic Boundary Conditions
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Direct Diagonalization

Magnetic Properties?
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1D ordered Chain -

P donors <110> R (atomic distance)

Extended Hubbard Hamiltonian. @40 50 60 70 8o

% 50
Parameters: € o
‘ql_, -
E -50
H= Zé}n,a + z tl-,-,s',]cifacj,a §_1 o0
L,0 (l,_]),O' %
5
+zzi]”i,ani,6 + Z Vijl’li,anj,o-’ =120
L,o (i,j)o,0' S

o
o

€;, t;j, U; and V; are all obtained analytically




Spin-Spin Correlations — 1D N-sites Chain

1
Si = > (ciheir = ciliein)
1
(S7S7) = " (cihein = cihiei)(cfreir — ¢fvcin)

In 1D and N — oo there is no magnetic order for T +# 0!

We consider here finite size chains (not in the thermodynamic limit).

22



R (nm)

Results for 8 electrons — 8 sites

A) Single valley — Electron-electron interactions

Spin-Spin Correlation

<Slsj>
0,25

0,15

0,05

=
=
(0]

-0,25
Single valley Model

<110>

Interactions: on

0 10

20

30 40 50 60
z (nm)

AF behavior for T=0K

B) Multivalley — Electron-electron interactions

Spin-Spin Correlation
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B) Multivalley — Electron-electron interactions — Temperature effects

Spin-Spin Correlation
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B) Multivalley — Electron-electron interactions — Temperature effects

Spin-Spin Correlation
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* Finite Samples show non-zero spin-spin
antiferromagnetic-like correlation.

* The MV hopping opens possibility for systems with
magnetic properties chosen by desigh, even around
T=4K.

e A Hubbard lab?

26



Thank you!
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