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Outline:

I.  Afiltering approach to solve the self-consistent Kohn-
Sham equation

Il.  Application to P-doped Si nanocrystals



The Kohn-Sham equation can be solved on a real space grid:
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The Laplacian operator B2 can be
evaluated using a high order
finite differencing method:
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A flow chart of solving the self-consistent Kohn-Sham equation

Select initial electron density,

Solve for \{and compute . and V.

Construct Hamiltonian:

Calculatdly ;} by diagonalizing H

Calculata =S, |y;| 2




Filtering approach to solve the Kohn-Sham problem

HOnly the electron density r is needed as an input to the next self-

consistent iteration, the knowledge of each intermediate eigenstates | ;
IS not required.

Af {j } are rotated by a unitary operator U, j 6 = Uj J; then

occup e

p(r)= 2 Q)] = 2 o.(r)f
i=1 i=l

At is sufficient to find the subspace spanned by the occupied states to
calculate r

Anstead of diagonalizing the Hamiltonian for each iteration, it is
sufficientto simply optimize the occupied eigen subspace.



Chebyshev polynomial filtered subspace iteration

Avant a polynomial filter P(H) for the set of eigenstates {y’}, such
that the span of {y;} can progressively approach the occupied
eigen subspace of H

AA choice for the polynomial P is the Chebyshev polynomial T,

Chebyshev polynomial T(x) Chebyshev polynomials T,
are very fast growing

o outside [-1,1]
m]f—
T,(H) {y/} will therefore

; suppress the eigenstates
o with E; between [-1,1]
30 f
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Chebyshev p(__)lynomial Te(X) We can define an affine mapping f:

n  E—(Ey+ Ep)/2
| fE)=—

sof | ) (EH _EF)/Q

| such that the energy interval
10 [Er E,] is mapped to [-1,-1]

The filter T,(f(H)) operating on
{y:} will suppress all the
eigenstates with energy
between [E, E ]

Eigenvalue spectrum



Select initial electron density,

Get initial basisy{;} from diagonalization

Find the charge density from the basis: . ..
?:5 |y¥| 2 The algorithm is implemented
OocC |

iIn PARSEC(Pseudopotential
Algorithm for Real-Space
Electronic Calculations)

Solve for \{and compute \,and \{,

Construct Hamiltonian: Website:
H =202 + Vg + Vi + V¢ http://parsec.ices.utexas.edu

Apply Chebyshev filter to the basis
{y @ = T({(H)) ¥}

Orthogonalizey §} by Gram
Schmidt




An atomic model of a

Sic,:H,-¢ Nanocrystal Slsys5H576
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We studied H-passivated Si
nanocrystals up to a diameter of

7 NM(Slggs1H1g60) “

w—x |P (ASCF)
4=+ EA (ASCF)
=8 £ om0

Arhe evolution of the electronic

structure can be studied from
small nanocrystals all to way to
sizes that are nearly bulk-like

Our algorithm can be applied
to various types of systems:
SiGe nanocrystals, GaAs S N SR

nanocrystals, Fe clusters, Zn- Cluster Diameter (nm)
doped InP nanowires
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Application: P-doped Si nanocrystals

A= xperimental synthesis of P-doped Si nanocrystals
ATheoretical study of the defect state

AShape of defect wave function

Ainding energy
AEnergetics of P position inside Si nanocrystals

AAn effective mass theory for P-doped nanocrystals

(T.-L. Chan, M. L. Tiago, E. Kaxiras, J. R. Chelikowsky, Nano Lett.8(2), 596-600, 2008)



Svynthesis of Rloped Sinanocrystals

substrate and film growth

sputtering | [ | |
(Jag —— SR

© -
= o Si chips

— oputtering Target

Sputtering target: PSG(phosphosilicate glas®ped silica (Sig)
Substrate: quartz

. Si chips and PSG aresquuttered in Ar gas
, The deposited film is then annealed indds at 1208C

. Si naneclusters will grow during annealing



Si nanocrystals have
.lattice fringes
correspond to {111}

TEM image of doped Si nanocrystals
In BPSG thin film
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Experimental measurememnf hyperfine splitting

™

Bulk Si
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M. Fujii, A. Mimura, S. Hayashi
Phys. Rev. Lett. 89, 206805(2002)

Adyperfine splitting is due
to the interaction between
the nucleus spin and the
electron spin

A-or a P-doped Si
nanocrystal, only P
contributes to hyperfine
splitting, since Si does not
have nucleus spin.

Asotropic hyperfine constant

a= 2/3mg.ntgm y (R)| 2

measures how localized the
defect wave function is on the
P atom



Calculation Setup:

An atomic model of a

AGrid spacing is chosen to be SiggH-sP nanocrystal
0.55 a.u.

ANorm-conserving Troullier-
Martins pseudopotentials are
used

Arhere is 10 a.u. of vacuum
space around the Si nanocrystal.



