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Towards first-principle studies for industry
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Materials properties

U Materials properties of actual materials are determineadthbyisic
properties angecondaryroperties arising from inhomogeneous
structures such as grain size, grain boundary, impurity, and precipita

U In use of actual materials, the materials properties can be maximize:
carefully designing therystalstructure andhigher ordeof structures .

Low Position Lithium lon Battery

e.g., thecoercivity of a permanent magnet of
Nd-FeB is determined bygrystal structure, grain
size, and grain boundary.
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Performance
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How large systems can be treated blgxa machines?

The performance increase is only 100 times.

K-computer Exa machine
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The applicability of the O(R DFT method is extended to
only 5 times larger systems.



Linear scaling methods



Two routes towards O(N) DFT

Conventional
representation

ET_UT_({]“II}? P)
Density matrix

Wannierfunction
representation /\ representation
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y: KS orbital
] : density

0 Wannierfunction

n: density matrix



Density functional s

Density functionals can be rewritt

Evuln,pl = Tr(pHun) + / drn () vexs (r)

/ / drdr’nr_r,) - Exe[n]

where the electron density 1 s giwvV

= Zﬁin;‘(I‘)X
i.j




Locality of Wannier functions

O-2px in PbTIQ
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An orbital in Aluminum

Decay almost follows a power lo
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Locality of density matrix
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Various linear scaling methods

Wannier functions (WF) Variational (V)

. . X .
Density matrix (DM) Perturbative (P)

At leastfour kinds of linearscaling methods can be
considered as follows:

WEF+V WEF+P DM+V DM+P
Orbital Hoshi Density matrix ~ Krylov subspace
minimization =~ Mostofi by Liand Daw Divide-conquer
by Galli, Parrinello, Recursion
and Ordejon

Fermi operator



O(N) DFT codes

OpenMX: (Krylov) Ozaki (U. of Tokyo) et al.

Conquest (DM) Bowler(London), Gillan(Londor),
Miyazaki (NIMS)

Siesta:(OM) Ordejon et al.(Spa)n
ONETEP: (DM) Hayne et al.(Imperial
FEMTECK: (OM) TsuchidaAIST)

FreeON: (DM) Challacombe et al.(Minnesota)



Basic idea behind the O(N) method

Solve
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Assumption

Local electronic structure of each atom is mainly determined

by neighboring atomic arrangement producing chemical
environment.



E (Hartree/atom)

Convergence by the DC method

Just sol ve t he DwdeiConguerangthod | u

W.Yang, PRL 66, 1438 (1991)
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For metals, a large cluster size is required for the convergenc
Y Difficult for direct application of the DC method for metals



O(N) Krylov subspace method

Two step mapping of the whole Hilbert space into subspaces

(1) Truncate in real space

°3°% 00 s (2) Map into a Krylov subspace
...:/':":':{:i:' oo (3) Evaluate
:'b "'.‘:":q :-:'o ) oo mmmm) G(Z)

TN —

(4) Back transform

TO, PRB 74, 245101 (2006)




Development of Krylov subspace vectors

The Krylov vector is generated by a multiplication of H by |[K>,
and the development of the Krylov subspace vectors can be
understood as hopping process of electron.

|Ko> |Kl> |K5>

) , ALY

The information orenvironmentan be included from near sites
step by step, resulting in reduction of the dimension.



Generation of Krylov subspaces

The ingredients of generation of Krylov subspaces is
to multiply |W.) by S'H. The other things are made only
for stabilization of the calculation.

‘Rn—l—l) — S_lH ‘Hrn)
W’ ) = [Rup) — X (W }({__,1._,.-2?1‘§| Roii1)

m=(

[(W,11) = S — orthonormalized block vector of W) )

Furthermore, in order to assure therBonormality of the
Krylov subspace vectors, an orthogonal transformation is

performed by Uk = WX\
A= XTWISWX

For numerical stabllity, it is crucial to generate
the Krylov subspace at the first SCF step.



Embedded cluster problem

Taking the Krylov subspace representation, the cluster eigenvalue
problem is transformed to a standard eigenvalue problem as:

K -
HC\:I’{L — ;_,Iil_fhg (—Ju -_— H b:u — bru

where H consists of the short and long range contributions.
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A The embedded cluster is under the Coulomb interaction from the other parts.
A The charge flow from one embedded cluster to the others is allowed.



Relation between the Krylov subspace
and Greenos funt

A Krylov subspace is defined by
Uk = {H—-T’ro)_._ (S_lH )W), (5'_1 H )2‘1[..{_.;’0): (5‘—1 )W, )}

A set of gth Krylov vectors contains up to information of (2g+1)th moments.

K ) Definition of moments
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The moment representation of G(Z) gives us the relation.
(7Y — 1
Gol?)= &, 7o

One-to-one correspondence between the dimension of Krylov subspace
and the order of moments can be found from above consideration.




Convergence property

The accuracy and efficiency can be controlled bihe size of
truncated cluster and dimension of Krylov subspace
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In general, the convergence property isnore complicated
See PRB 74, 245101 (2006).



Comparison of computational time

The computational time of calculation for each cluster does not depend
on the system size. Thus, the computational tina&li¢) in principle.
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Parallelization

How one can partition atoms to minimize
communication and memory usage”?
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Modified recursive bisection

If the number of MPI processes is 19, then the following binary
tree structure is constructed.

19
10 9

5 | 5] 5 4]
3 2 : 2 3 2 2 2
o[ 1] 1|JTI 2 1|JT| 2[ 1] 1IJTI 1|JT| 1|JT|
1 1 11

In the conventional recursive bisection, the bisection is made so
a same number can be assigned to each redmmever, the
modified version bisects with weights as shown above.




Reordering of atoms by an inertia tensor



