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Database (2013) of optimized VPS and PAO

The database (2013) of fully relativistic pseudopotentials (VPS) and pseudo-atomic orbitals
(PAQ), generated by ADPACK, which could be an input data of program package, OpenMX.
The data of elements with the underline are currently available. When you use these data,
VPS and PAO, in the program package, OpenMX, then copy them to the directory,

openmx® */DFT_DATA13/VPS/ and openmx®™ */DFT_DATA13/PAQ/, respectively.

The delta factor of OpenMX with the database (2013) is found at here.
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“Gaussian basis sets for accurate calculations on molecular
systems in gas and condensed phases”, J. VandeVondele
and J. Hutter, JCP 127, 114105 (2007). — CP2K code

“Ab initio molecular simulations with numeric atom-centered

orbitals”, V. Blum et al., Comp. Phys. Comm. 180, 2175
(2009). — FHI-AIMS code
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Atoms 1n an interested region are reordered by projecting them
onto a principal axis calculated by an inertia tensor.

3D

Principal

1D

’_’VW

The principal axis is calculated by solving an eigenvalue problem
with an inertia tensor:
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Charge density:
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Hartree potential by FFT:
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Exchange-correlation
potential: C. D
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Charge mixing:
B(cab)—B(cba)—B(abc)
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Total energy: B
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Compared to 1D-parallelization, no increase of MPI communication up to N. Even at
N2, just double communication.
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Figure 9: Comparison of communication amount in the parallelization of 3-D FFT in case
of 64 x 64 x 64 grid points (N = 64). The inset enlarges the left part of the main graph.
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Structures of coherent and
semi-coherent precipitates

Baker-Nutting orientation:
(001)precipitate//(001)iron and [100]precipitate//[110]iron
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T. Ozaki, PRB 75, 035123 (2007).
T. Ozaki, PRB 82, 075131 (2010).



Density functionals as a functional of p

Density functionals can be rewritten by the first order reduced density matrix: p

Fiot [TL”O} — Tl"(ﬂHkin) —|—./ dI’?’l(I‘)Uext(r)
—I-./‘ / drdr’ n(:)_nS") - Exe(n)

where the electron density is given by p

n(r) = Z PijX;(r)Xi(r)

All we need to calculate

1. Non-zero matrix elements of H and S
2. Density matrix corresponding to the non-zero matrix elements




Main difficulty: ‘diagonalization’

- Numerically exact diagonalization
Householder+QR method
Conjugate gradient (CG) method

Davidson method

Even if basis functions are localized in real space, Gram-Shmidt (GS) type method is needed to
satisfy orthonormality among eigenstates, which results in O(N?) for the computational time.

- can be achieved in exchange for accuracy.
O(N) Krylov subspace method,
DC, DM, OM methods, etc..

O(N?%) method
Is it possible to develop O(N2~) methods without
Introducing approximations? — No more GS process.
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Hu et al., JCP 133, 101106 (2010)
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Convergence of p w.r.t. poles

The calculation of p can be expressed by a contour integration:

E;;—p: ; .\ /4 \
pij = Zf( = J{Xilow) (PkIXG)

= — —1111

] Gij(E +1i07),

00 - 1 oo .
M) =T {—: [ dEG;;(E +i0%)| ~ iR G(iR)
Z
[ o

- 4
= MY +Im|-—=
" T J p = g + ?'T?

-

Lehmann rep.

| —.l: I:'.:J‘ \
_ ﬂ'fi[“:'j] —I—II'H _j Z }ft .A QZ"HXJ R
T | p=1 .E. ~ Ck

-

[ ]

i 41 .- { I:'.:J‘ !
= MP+Y Im {; X Pr) (5 |X;) R,
k T p

ﬂp_rk
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The analysis shows that the number of poles for each eigenstate for a sufficient
convergence does not depend on the size of system if the spectrum radius does not

change. — The scaling property 1s governed by the calculation of G.



Convergence property of the contour integration

Total energy of aluminum as a function of the number of poles
by a recursion method at 600 K.

Nicholson et al., PRB
50, 14686 1994

Poles Proposed _ Matsubara
{1 2)r

10 —42.933903047211 ~33.734015919550 —30.612354360046
20 _47.224346653790 _33.623477214678 ~30.849746603905
40 ~48.323790725570 ~33.346245616679 —40.216055898502
60 —48.324441992259 ~33.143128624551 —39.676965494522
80 —48.324441994952 ~32.870752577236 —43.523770052176
150 ~48.324441994952 ~33.837428496424 —41.836938942518
200 ~33.418012271726 —42.543354202255
250 ~34.003411636691 —43.024756221080
300 The energy completely _, 553536470262 —43.466729654170
350 converges using only 80 -4s.324440028792 —43.834528739677
400 poles within double ~48.324440274509 —44.185100655185
600 . —48.324440847749 —45.233651519749
1000 precision. ~48.324441306517 —46.331692884149
2000 —48.324441650603 —47.202779497545
5000 ~48.324441857239 —47.921384128418

10000

—48.324441926094

—48.122496320516




How can Green’s funtion be evaluated ?

- The Green’s function is the inverse of a sparse matrix (ZS-H).

G(Z)=(ZS —H)™!

- Selected elements of G(Z), which correspond to non-zero elements
of the overlap matrix S, are needed to calculate physical properties.

- Our 1dea

1. Nested dissection of (ZS-H)
2. LDLT decomposition for the structured matrix

— a set of recurrence relations

TO, PRB 82, 075131 (2010)



ANF o (nested dissection)

George, SIAM J. Numer. Anal. 10, 345 (1973).
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Nested dissection of a sparse matrix
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Square lattice for the nested dissection
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Schurfiiro(C KDFITHIETE #1

A matrix X can be factorized using a Schur complement into a LDL" form.

(5 )=o) )T

L=DBA"
S=C—-pA-1pT

Then, the inverse of X is given by

-1 _ Aty pts—tp —pts-t
ST —S—1ir S—1
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Schurfiiro(C KDFITHIETE #3

L& #MbINC K DETE
7T T
Iﬁy,mjﬂ Lm_._Zn
‘L_,?T _ %4 LT T
p.m+1.n — p,m.,2n+1 m.,2n+1 p.m+1.n
0 —1

Lp___i,1 _ Lp,p,n

LzFAL TS 5CEMERN(C K DFEITIIZETE

-—1
X on
‘5{—1 L ‘5{—1
“*p+l.n “*p.2n+1
0
-T -T
}prgn]—rf‘p,ﬁn - Y 2n

T }p ZH—I—ILP:QTI—I—I }p 2n+1



LDLT 3 g 58

T T
- Ip m,2n L-m,Qﬂ-
J — T T
V pm+ln — Ip m,2n+1 + Lm._?n—l
0 —1

O
? - 22/36 -9

A

P.

AF

31

m+ 1

| i\ i
di 1\? 1 \i
*—o
3 4

L SNzEME

PRB 82, 075131 (2010)

-}
|
-
[
|
—

N

S
~
] =

) = Ny N
aP— P, T T
p=1m=0 n=0 ~
P p-12¥ N NS N2
D S I
p=1m=0 n=0
/3
_ -1?\’ 1+ 02/ 3 1
- 92 /304FP/3
P-3 2732
2 1 22;'3 1
+22,-"322P,"3 - 22}3;’.-3 + 24}3;3 .

2" S O(N7/3)

RITIEIC & DEFFIA —
g\\_ b\\gb 5 o

1D O(N(log,N)?)

2D  O(N?)
3D O(N7R)




SHETILTUR L

loop for finding p {

loop of poles for (1) contour int. { — MPI
parallelization
(2) Inverse calculation by the recurrence
relations.
— OpenMP parallelization

y

(3) Calculate the total number of electrons
(4) Correct p by the Muller method (=1 — b>/3%)
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Norm of residual
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' Total energ§/ (Hart'ree)

Conventional -4130.938589871644
New method -4130.938589871899
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