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Purpose of the tutorial

€ First-principles calculations based on the density functional theories
(DFT) have been now widely accepted as a useful tool to understand
chemical and physical properties of molecules and bulks with
reasonable accuracy in relatively small computational cost.

€ OpenMX (Open source package for Material eXplorer) is a software
package for nano-scale material simulations based on DFT, norm-
conserving pseudopotentials, and pseudo-atomic localized basis
functions. The methods and algorithms used in OpenMX and their
Implementation are carefully designed for the realization of large-scale
ab initio electronic structure calculations on parallel computers.

€ In the tutorial, we aim to hand on the theoretical background of
OpenMX for a wide variety of researchers who pursue deep
understanding of materials properties from first-principles.



Open M X Open source package for Material exXplorer

» Software package for density functional calculations of molecules and bulks

» Norm-conserving pseudopotentials (PPs)

« Variationally optimized numerical atomic basis functions

Basic functionalities

SCF calc. by LDA, GGA, DFT+U

Total energy and forces on atoms

Band dispersion and density of states

Geometry optimization by BFGS, RF, EF

Charge analysis by Mullken, Voronoi, ESP
Molecular dynamics with NEV and NVT ensembles
Charge doping

Fermi surface

Analysis of charge, spin, potentials by cube files

Database of optimized PPs and basis funcitons

Extensions

O(N) and low-order scaling diagonalization
Non-collinear DFT for non-collinear magnetism
Spin-orbit coupling included self-consistently
Electronic transport by non-equilibrium Green function
Electronic polarization by the Berry phase formalism
Maximally localized Wannier functions

Effective screening medium method for biased system
Reaction path search by the NEB method

Band unfolding method

STM image by the Tersoff-Hamann method

etc.



History of OpenMX

2000 Start of development

: Welcome to OpenMX
2003 Public release (GNU-GPL) ULALALd s s

2003 Collaboration: Contents
+« What's new
A I ST, N I M S, S N U ?.F-)E:I1|‘|'flf-i'|.a.l1fs-oll I‘.."nfo.rkilu_:n]p: .o-n j:jth ?ct inﬁif(.oh-e
KA I ST’ JAI ST’ R-—:Ie-_m:w.:—. of OpenFFT Ver. 1.0 (04, Se||.z::l.’| -
Kanazawa Univ. [ Dot e Opentix?
CAS1 UAM : ?:;I:Jrzlcal Notes
NISSAN, Fujitsu Labs. - OpenhiX Forum
« Workshop
EtC + Database of VPS and PAO
Ver. 2013
+ ADPACK
* Miscellaneous informations
2013 17 public releases , Coptributors
Latest version: 3.7 * Links

http://www.openmx-square.org
About 280 papers published using OpenMX



Developers of OpenMX
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Current status of OpenMX

The code with 0.3 million lines is written by a standard C, and
partially Fortran90 including 1 makefile, 21 header files, 261 ¢
files, 4 fortran9o0 files.

The code is publicly available under GNU-GPL.

Manual in English and Japanese, and technical notes on
Implementations in English.

Database of optimized pseudopotentials and basis functions for
76 elements.

OpenMP/MPI hybrid parallelization. The parallel efficiency of
68% Is achieved using a hundred and thirty thousands cores on K.
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Materials studied by OpenMX

First characterization of silicene on ZrB, in collaboration with experimental groups
A. Fleurence et al., Phys. Rev. Lett. 108, 245501 (2012).
First identification of Jeff=1/2 Mott state of Ir oxides

B.J. Kim et al., Phys. Rev. Lett. 101, 076402 (2008). .
. - Materials treated so far
Theoretical proposal of topological insulators

C.-H. Kim et al., Phys. Rev. Lett. 108, 106401 (2012). Silicene, graphene
H. Weng et al., Phy. Rev. X 4, 011002 (2014). Carbon nanotubes

First-principles molecular dynamics simulations for Li ion battery Transition metal oxides

T. Ohwaki et al., J. Chem. Phys. 136, 134101 (2012). Topological insulators

T. Ohwaki et al., J. Chem. Phys. 140, 244105 (2014). Intermetallic compounds
Magnetic anisotropy energy of magnets Molecular magnets

Z. Torbatian et al., Appl. Phys. Lett. 104, 242403 (2014). Rare earth magnets

. Kitagawa et al., Phys. Rev. B 81, 214408 (2010). Lithium ion related materials
Electronic transport of graphene nanoribbon on surface oxidized Si Structural materials

H. Jippo et al., Appl. Phys. Express 7, 025101 (2014). etc.

M. Ohfuchi et al., Appl. Phys. Express 4, 095101 (2011).

About 300 published papers

Interface structures of carbide precipitate in bcc-Fe
H. Sawada et al., Modelling Simul. Mater. Sci. Eng. 21, 045012 (2013).

Universality of medium range ordered structure in amorphous metal oxides
K. Nishio et al., Phys. Rev. Lett. 340, 155502 (2013).



Implementation of OpenMX

 Density functional theory

e Mathematical structure of KS ea.
e LCPAO method

 Total energy

e Pseudopotentials

 Basis functions



Density functional theory

The energy of non-degenerate ground state can be expressed by
a functional of electron density. (Hohenberg and Kohn, 1964)

Elpl = [ p(r)o(r)d + Tlp] + J[p] + Excl]

The many body problem of the ground state can be reduced
to an one-particle problem with an effective potential.
(Kohn-Sham, 1965)

Hyxso; = €;0;

W.Kohn (1923-)

A 1
Hgs = —§V2 + Vett

0By
op(r)

Veff = t"ext(r j + 'L?Ha,rtree(r} +



Successes and failures of GGA

Successes:
1. Accuracy: Mean absolute error
Atomization energy: 0.3 eV (mostly overbinding)
Bond length: Overestimation of 1 %
Bulk modulus: Underestimation of 5 %
Energy barrier: Underestimation of 30 %

2. Accurate description of hydrogen bonding
3. Better description of magnetic ground states (e.g., bcc Fe)

Failures:
1. Band gap: Underestimation of 30~40 %
2. vdW interaction: No binding in many cases

3. Strongly correlation: No orbital polarization of localized
d- and f-states



Mathematical structure of KS eq.

3D coupled non-linear differential equations have to be
solved self-consistently.

R OpenMX: LCPAO i 1
Hgsoi = i Hig = —5V2 + Vot

OCC

p(r) = Z@ﬁ-ii(r)@ﬂi(r)

OpenMX: PW-FFT

VQ’UH;-Lrt.mﬂ (I‘) — ‘lﬂ_p (I‘)

\ OF.

Voff = Vext (1"') + UHartree (I') | A p( I‘)

Input charge = Output charge — Self-consistent condition
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Papers on methods in OpenMX

block BOP PRB 59, 16061, PRB 61, 7972

ab initio recursion method PRB 64 195126

O(N) inversion method by recursion pPRB 64, 195110

Variational optimized basis functions PRrB 67, 155108, PRB 69, 195113, JCP 121, 10879
Efficient implementation of LCPAO method rrB 72, 045121

O(N) LDA+U method PpRB 73, 045110

O(N) Krylov subspace method prB 74, 245101

Efficient integration of Green’s function rrs 75, 035123
Non-collinear DFT with constratints web notes

First evaluation of two-electron repulsion integrals Jcp 130, 124114
First spherical Bessel transform method cpc 181, 277

Non- equilibrium Green’s function method prs 81, 035116

O(N?") method PRB 82, 075131

O(N) nearly exact exchange functional prA 83, 032515

O(N) + ESM method icp 136, 134101

Massively parallelization of OpenMX cpc 185, 777

Massively parallelization of 3D-FFT cpc 185, 153

Large-scale NBO analysis icp 140, 244105



L CPAO method

(Linear-Combination of Pseudo Atomic Orbital Method)

One-particle KS orbital

N

| 1 ‘R k

Y (r) = vV N D etk Z Cr(m{m ia(r — 7i — Ry),
Il 1Y

IS expressed by a linear combination of atomic like orbitals in the method.

o(x) = V)" (£)R(r)

Features:

o Itiseasy to interpret physical and chemical meanings, since the KS
orbitals are expressed by the atomic like basis functions.

[t gives rapid convergent results with respect to basis functions due to
physical origin. (however, it is not a complete basis set, leading to
difficulty in getting full convergence.)

* The memory and computational effort for calculation of matrix elements
are O(N).

» It well matches the idea of linear scaling methods.



» Total energy



Implementation: Total energy (1)

The total energy is given by the sum of six terms, and a proper integration
scheme for each term is applied to accurately evaluate the total energy.

E’[D’r - El{in + EC‘(' + qu_'z + Exc + E{‘(- — Ekin + Ena, + EéEL) + Eﬁee + Exﬂ + Escc-

N
(Ra) ; (Ra) L
Ekin — ; % _ _?.I'C'-:r e;_}ﬂ m-;j'_?,kin' Kinetic energy
i, j,
E. = E'ilf' + ENL), Coulomb energy with external potential
ec cc
— ;g Z cret‘ulﬁ D L't‘ll Té:||¥1'{:orc,f|:r ) |f:j 3'1 — T Rnli
1’ " - F " f r L
+ ; ; Z .5r g.-_'uﬁ f:) L't’l r Té _s|| % INL,II I — TI_J |f:j__,'|'3|r - T__}' - R’H.Jl :':".-
v 3
Fee| = ;[ r*n(r)Va(r), Hartree energy
1
— ;[d;r n(r "HH |1|—|—rﬂH|1 }
LBy = [dr‘a{n- (r) +n(r) + npeelr) Fee(ny + £'n: n|+ £ﬂ ), Exch |ati
W . [ L) L L) pocch ) =W [ o pocs J 9 pcc s XC ange'corre a |On
- - energy
1 AV
Eel=52X Core-core Coulomb energy

Tr —
Iy =7 TO and H.Kino, PRB 72, 045121 (2005)



Implementation: Total energy (2)

The reorganization of Coulomb energies gives three new energy terms.

Eéf') + Eee + Ecc — Ena + Ec‘iee + Eec-.c-.p

The neutral atom energy Short range and separable to two-

3 o) ra i k -
Enn = /d-r ﬂ':‘lf:'zi'na,f':‘l —T1)s  center mtegrajs

= Z Z Z J"jl.;rlz:;;-? @éq[l‘ — T :'H;la,..f '::1‘ — T ::'|'5.~¢le3'::1‘ — T — Rn::'::::

o io,jo

Difference charge Hartree energy

1 Long range but minor contribution
\ _ - ] q ) ,S Ly
FEs.. 5 fdr an(r)oVu(r).

Screened core-core repulsion energy

Short range and two-center

1 ZJTZJ 3 i e rla) -
E.. = = — [ dr*ni™ (r)V I""[1‘]] .
5 ; [|TI - [ drnf v integrals

Difference charge Neutral atom potential
dn(r) = n(r)—n"(r),

= n(r) - n(r).
i

-l[;:'lg":-‘IT l: r— TJT] = LI‘I-:Dre,JT':: r — Tfj + Ev}[ I (1‘ — 77 ]



Implementation: Total energy (3)

So, the total energy is given by
Et.ot. — Ekin + Ena. + EQ(EL) + Erﬁee + Exc + EE-IC.C.'

Each term is evaluated by using a different numerical grid
with consideration on accuracy and efficiency.

Ekin

Eys } Spherical coordinate in momentum space
EQ

Erﬁee

| } Real space regular mesh

EXC’-

Foe Real space fine mesh



Two center integrals

Fourier-transformation of basis functions
L.L'-;ia':kj = (\,.-.1)—“_)3ffi?‘zt,n"?iq(r)c_lk"'

o L
) ffi? Vi (1) Ryt (1 |{-1..'rz 3 (_i:'L,i"LEk?'j}l.-tf':kj}f:tf':i‘)}~

L=0M=—L

= Ru(k)Yim(k), Integrals for angular parts are analytically

rlap intearal performed. Thus, we only have to
€.g., overiap integra perform one-dimensional integrals along

)it —7)) = / dr? ¢t (v)g5(r — ), the radial direction.

1 ! . 1 3 »

- /(h (\/—) /(” 3‘[?* U')}’Im(k}e_lk.r (?) f(” E’R U J}I"m (kf) ik'-(r— TJ‘
Avara

— ( ) f(ff3f(fi ;36 ik’ TR* )}}x?_(]‘})ﬁqu(,21.';)}}31”l;(]::; J f{ij lLk 1{]

Y

= /rH SeT T R (k)Y (K) Ry (K) Y (K).

{: Wiy ( r




Cutoff energy for regular mesh

The two energy components E

+ E, . are calculated on real space

oee

regular mesh. The mesh fineness is determined by plane-wave cutoff

energies.

zctf .energycutoff

150,0 } default=150 (Ry)

The cutoff energy can be related to the mesh
fineness by the following egs.

(1) 1 (2 1 (3 1
‘E‘::LH. = Egbl ' gh]! -'E’::ui. = agbi ’ gh}]! JE"nc:uT. = agbﬂ ’ gb.".-.
a o AL m @
g 1 - jﬁ\'rj % g 2 — ﬁ.rg g 1 — j\l_.-:; k-
ga, X ga, ga, X ga, ga, X ga,
h' LT h — 2""— b = 2.!



Forces

O FEot
F, = ——
JR,;
OE kin d Ena JOFE 5CC "'jEﬁcc "aE:{c fi}Ecc
- f__J Rl dRE d Rs lI'_)'].:{e lI'_)'].:{e fj R.l
aE&ee dﬂl: :I aE&e on* |: p:l dEﬁeﬁ
dlt :z dRy dnlrgy) + FooRy dndrp)
9Bs. 1 d5Vu(ry)
m = Eil {51[-[|] |+Zéﬂ,llq r}‘?ll | }:
1 47 1 i —
= AV {51[.[11 +—% 3 dnlrg e =(rq ‘P'}
2 N © |G S
2 vy Easy calc.
B Esee 1,  98Vii(ry)
——— = —SAV{iValrp) — E“”( ) 4 :
an®rg,) 2 5' L
T S See the left
= ——AV{WVlrp) + —+—% ?Zéﬂllq:l g P}
2 N © |G T
= —AViVy(ry).
anlr fe;
;l':f) = aﬁr{an Ch-"’(&'“’( ?'l'+':carx al-f -"ff-'tl: P -'{_nﬁ']ﬂ'}
OVl I .
+2 -:‘:Ei'? F-"ﬁ'c:.jﬁ:lf;T:]lf'fijﬁ[. r]’:j .
SR, oniry) OF. F_orces are always analytic at any grid _
AR, 7 ORy onlr) fineness and at zero temperature, even if
— AV Eaﬂ" ) pe(n(rp). numerical basis functions and numerical grids.

ke



» Pseudopotentials



Norm-conserving Vanderbilt pseudopotential

I. Morrion, D.M. Bylander, and L. Kleinman, PRB 47, 6728 (1993).

The following non-local operator proposed by Vanderbilt guarantees that
scattering properties are reproduced around multiple reference energies.

sy = f’r(ﬂ AN — (e T VX
D. Vanderbilt, PRB 41, 7892 (1990). Xi) = Vneldi) = (i = T = Vioe)[)
7 Bij = (ilx;)
tJ 5:) => (B jilx;)
J

If the following generalized norm-conserving condition is fulfilled, the
matrix B is Hermitian, resulting in that V, is also Hermitian.

Qij = (Vi
s This is the norm-conserving PP
Bi'j - Bji’- - (Ei B :;)sz used in OpenMX

If Q=0, then B-B*=0

E"j > R — <@i ‘ @j> R



Non-local potentials by Vanderbilt

Let’s operate the non-local potential on a pseudized wave function:

. PS P5),
F{BIJ|C* ]; _ :E: szx Utlj |Cﬁ )

= ZI.&;B@Z( )wimléfa}}ﬁ Noting the following relations:
¥ k!

= YBB; Y (B, Bue | V0 =) e’ () + o),
ij k! -

1
a\ . N 2a 22 (5L "LPB}
= E \3;) Bi;ok;, Xi) (H + 2 v }) @

]

= Z(B_l) ) | B, Bij:{@mg| X;)
: - ji "’ 7/ ik

ah —1 A
= |Xk) |'5i';_Z(B )jihj"'

It turns out that the following Schrodinger eqg. is hold.

1o # x
(—§V2+1”5L](ﬂ+i-’{“ ) 69y — 6Py,



Generalized norm-conserving conditions Q;

In the Vanderbilt pseudopotential, B is given by
2
B — / drP P‘T'nj ( o ldt ll+1) _F{SLJ(_T,)) P{PSJ(T)?

ToaE T e J
* 1 d? I(l+1 PS
B, = / drP® ( S (z-rz ) _t.wu(.r)) PES) (1),

Thus, we have

B, —Bi—(e;—=) [ BT ) PP(r)

- 0
f dr P(PS H(PQJ [ dr Pn(Pm( ) P(PS) (r).

By integrating by parts, this can be transformed as

* PS P? 1 PS PS re 1

. (PS), 1 S ;
= (sj—ea«i@ff’}w;“" ,:rc+§R{P‘“J(-rc)P*“°S)( )= 3PP e (1)

J

P )PP ()],

)

As well, the similar calculations can be performed for all electron wave functions.

0=(c; & )\QEAE]|@§%E] Ve P(AE (r )P;(AE](TC) B épt_f{AEJ(TC)PJ_(AEJ(TC)' === (2)
By subtracting (2) from (1), we obtain a relation between B and Q.

*  (AE APS), ((PS
Bij — Bj; = (51_5_#)({5@[' }|@[ }”"c {QE }|'€1’_{;e ]}T.:)-

J




Norm-conserving pseudopotential by MBK

I. Morrion, D.M. Bylander, and L. Kleinman, PRB 47, 6728 (1993).

If Q;; = 0, the non-local terms can be transformed to a diagonal form.

The form is equivalent to that
_ 1ANIA. obtained from the Blochl expansion
Ve = Z B” Uz> <i3 ‘ for TM norm-conserving
pseudopotentials. Thus, common
_ Z \. ‘ﬂ____ Vs ‘ routines can be utilize_d for the MBK
LI AT and TM pseudopotentials, resulting
in easiness of the code development.

To satisfy Q;=0, pseudofunctions are now given by

[ f ¥ . I
O = @TI\I,?’. — ](3 fi = Z & [?'JE (1_“-31')}

i—0 e

The coefficients {c} are determined by agreement of derivatives and Q;;=0
Once a set of {c} is determined, y 1s given by

1 up\2[ . /T
ITM”TMz +&ifi — Vioo®i — 52 & (?—3) [?‘J.f (r—ﬂzi)]
:

=~ [ C



Pseudo-wave funtion and psedopotential of carbon atom

Red: All electron calculation
Blue: Pseudized calculation

Radial wave functionof C2s  pseydopotential for C 2s and —4/r

0_ ________________________________________________________________________ —

V()




Optimization of pseudopotentials

(i) Choice of parameters

Optimization of PP
typically takes a half

1. Choice of valence electrons (semi-core included?)
week per a week.

2. Adjustment of cutoff radii by monitoring shape of
pseudopotentials —
Adustment of the local potential
4.  Generation of PCC charge

w

|

(i) Comparison of logarithm derivatives No good

If the logarithmic derivatives
for PP agree well with those (i) Validation of quality of PP by performing
of the all electron potential, | 9°* a series of benchmark calculations.

go to the step (iii), or return —>

to the step (i).

No good



Comparison of logarithmic derivatives

Logarithmic derivatives of s, p, d, f channels for Mn. The deviation between

PP and all electron directly affects the band structure.

Logarithmic derivative of s-component
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Comparison of band structure for fcc Mn
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> Basis functions



Primitive basis functions

1. Solve an atomic Kohn-Sham eq.
under a confinement potential:

r Z

— forr=ry s-orbital of oxygen

7
3

Veore(7)= 4 20 by" forr<r=r,
n:

h forr.<r.
L9
2. Construct the norm-conserving
pseudopotentials.

uonoun4 eAep [elpey

Pseudo potential for s orbitals (Hartree)

o
-
N
wh
B
()

3. Solve ground and excited states for the
the peudopotential for each L-channel. r (a.u.)

In most cases, the accuracy and efficiency can be controlled by

Cutoff radius
- PRB 67, 155108 (2003
Number of orbitals B 06, 195113 2000



Convergence with respect to basis functions

The two parameters can be regarded as variational parameters.

-_ %_ 112}  bulk Cl(dilamlond)
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Benchmark of primitive basis functions

Ground state calculations of dimer using primitive basis functions

Dimer Expt. Cale. Dimer Expt. Cale.

H, (Hi5-c2) =@ 197 (lso?) Ko (K10.0-52p2) T5F 7 InF (3pmi3poZdso?)

He, (He7.0-52) Izt b 1pr (1scr§15cr§) Ca0 (Ca7.0-s2p2d2) Ttk 1T¥ (soaoprd)

Liz (Li8.0-52) 19) © 1EF (2e03) ScO (Sc7.0-s2p2d2) tpt o Iet (drtsoaal)

BeQ (Bef.0-a2p2) 1ot 4 19+ (sglaa?pm?) Tiz (Ti7.0-s2p2d2) Ay ™ A, (480 3do)3dmy3dd])

B, (B5.5-22p2) DI (zsagzsagzng V, (V7.5-62p2d2) sy 1z (4sg§3dg§3dw33d6§j

Cy (C5.0-52p2) et 1 1nt (2s022s022pmd) Vo (VIS-sdpdddf2) I, " P, (4s0-3dos3dri3ds?)

Nz (N5.0-22p2) 5t f '8t (2e022pmi2pas)  Crp (Cr7.0-s2p2d2) tgt e 18t (dsol3dei3dri3ds])

0, (05.0-82p2) T, f 'Y, (2po;2pmyi2pr;)  MnO (Mn7.0-s2p2d2) °Tt?  °TF (doldridd*dr?)

Fy (F5.0-a2p2) el 1 1nt (2po2prizprl)  Fep (Fe7.0-s2p2d2) ALY TA, (dso23dei3de, 3dry3dr3ds;3d57 )
Nez (NeT.0-s2p2)  'Z} 9 1B} (2pmi2pmi2po]) Cog (CoT.0-s2p2d2) "Ag (4soy3do;3dey, 3dm3dm i 3ds;3d5T )
Na, (Na9.0-s2p2) 1zt f 'or (2pm)2po;3sal)  Nip (NiT.0-s2p2d2) ar ‘T (4s073do3do3dy3dn23dd, 3dd;)
MgO (Mg7.0-s2p2) ‘=t " 1'mt (sr?sa’prt) Cug (Cu7.0-s2p242) 'S ° '} (4sg§3dg§3dg§3dw;3dw;3da;3..15;’, )
Al (Al6.5-22p2) My * %7 (3s073s073pmy)  ZnH (Zn7.0-s2p2d2)  *EF ' 2EF (sofso*ldotdmiddt)

Alz (Al6.5-s4pdd2) T, * “Z7 {355%35053pﬂ§j GaH (Ga7.0-s2p2) It w18+ (ggls0*?)

Siy (Si6.5-s2p2) wo b3, qascrfasg;3p:rr§) GeO (GeT.0-s2p2) lot £ et (gso?spo’pprippo?)

Sip (Si6.5-s2p2dl) T f L. (3e03pmideat)  Asp (AsT.0-2p2dl) B f 'EF (dsofdsoldpeidpry )

Pz (P6.0-s2p2dl)  'Z} f '8} (3e033peidpmy)  Sez (SeT.0-s2p2dl) 2 fooag- {4sagisa§4pagipﬂi4prrgj

Sy (S6.0-s2p2) n; %7 (3polspwispr?)  Brp (Bri.0-s2p2dl) 'oh et (4soldsoldpoiapridprl)

Clg (C16.0-s2p2d2) =} F 15} (3poi3pri3prl) Kro (Kr7.0-s2p2) 'oh v 1D} (deojdsoidpoidpoidpridpry)
Ary (Ar7.0-s2p2) IE'E" i 1Eg' (3pm,3pT 3pay)

All the successes and failures by the LDA are reproduced
by the modest size of basis functions (DNP In most cases)



Variational optimization of basis functions

One-particle wave functions Contracted orbitals
(,[f#(r)=2 C,uJafd)fa(r_rf) qba'a(r)=§ Hiaqun(r)

The variation of E with respect to ¢ with fixed a gives
‘?EL;)I"{";C;LJQ=O — Zﬁ’ <¢fﬂ"H| d”jﬁ)cﬁ:jﬁzgﬁzﬁ (Qbia‘(bjﬂ)cﬁ:jﬂ
J J

Regarding c as dependent variables on a and assuming KS
eg. is solved self-consistently with respect to ¢, we have

IE OE , Op(r)

ﬁa:‘aq - 5,0(1') 5"5':'&(;
_ 22,3 (10 p{Xin H|#5) = E ol Xin| b15))
J

Ozaki, PRB 67, 155108 (2003)



Optimization of basis functions

1. Choose typical chemical environments

® = ﬁ

2. Optimize variationally the radial functions

1.4
1.2

1
0.8
0.5
0.4
0,2

1}

-0,z L L L L L L L
1} 1

3. Rotate a set of optimized orbitals within the subspace, and
discard the redundant funtions




Database of optimized VPS and PAO

Database (2013) of optimized VPS and PAO

The database (2013) of fully relativistic pseudopotentials (VPS) and pseudo-atomic orbitals
(PAO), generated by ADPACK, which could be an input data of program package, Openhix.
The data of elements with the underline are currently available. When you use these data,
VPSS 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 OpenhX with the database (2013) is found at here.

E Public release of optimized and well tested VPS and PAO so

H that users can easily start their calculations. He
Li Be B € N O E Ne
Na Ma Al & B & O Ar
K Ca Sc IIi ¥ & Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb or ¥ Z Nb Mo T¢c Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Cs Ba L H Ta W Re Os Ir Pt Au Hg II Pb Bi Po At Rn
Fr Ra A

Es Fm Md No Lr



A-factor

The delta factor is defined as difference of total energy between Wien2k
(FLAPW+LQO) and a code under testing, which is shown as shaded

region in figure below, where the volume is changed by plus and minus
6 % taken from the equilibrium V, .

E L

e
-

V
Lejaeghere et al., Critical Reviews in Solid State and Materials Sciences 39, 1-24 (2014).



Comparison of codes in terms of A-factor

Code Wersion Basis Fotertials A—factor Authars

WIEMZ K 131 LAPW/APYWHOD full O met/atom 5. Cottenier

WaASP 5212 plare waves Ay 20 2 07 et datom K. Lejpeghere

WS 212 plare waves PAW 201 2 Gitready 08 meVdatom K. Lepeghere

Ahinit T3 plane waves Pay . TH 1.2 ret/atom F. Jollet et af [3]
Abinit 712 plare waves GPAW PAW 05 (40 Ha cut—off) 1.3 mevsatom  F. Jollet et &t [3]

SR AW 081  plane waves PAW 05 15 mevsatom  ASE [2]

Cugntum ESPREESC0E 502 plane wawves Paid 031 18 eV atom  Quantum ESPRESSO [5]
T =Ta e 37 meeudo—atomic orbitals  MorrisorBylarder—Kleinman rorrrcorssrving (201 3) 20 retAatom Openh [4]

WS 522 plare waves Py 2011 21 et atom K Lejeghere et af [1]
SR AW 080 grid-hased PAW O 38 meWsatom K Lepeghere e af [1]
Cacapo 2716 plare waves Warderhilt ultrasoft version 2 6.2 et Satom ASE [2]

Abirit E44p plare waves Troulier—hartine norrcoreerving (FH ) 145 meY/atom ASE [2]

http://molmod.ugent.be/deltacodesdft



How to choose basis functions: Si case(1)

Si7.0.pao

Eigervalues

Lmax= 3 Mul=15
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Orbitals with lower eigenvalues in Si7.0.pao are taken into
account step by step as the quality of basis set is improved.
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Si7 0-s1p1

Si7.0-s1p1d1
Si7.0-s2p2d1
Si7.0-s3p2d2f1
S16.0-s3p2d2f1

Si7.0-s2p2d1 is
1 enough to discuss
structural properties.

By comparing Si7.0-
1 s3p2d2fl1 with Si8.0-
s3p2d2f1, it turns

1 out that

convergence is
achieved at the
cutoff of 7.0(a.u.).
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Lattice constant (Ang.)

2.6

2.8
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How to choose basis functions: Si case(2)

With respect to band structure, one can confirm that Si7.0-s2p2d1
provides a nearly convent result.
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While the convergent result is achieved by use of Si7.0-s3p2d2f1(Si7.0-
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s3p3d2fl), Si7.0-s2p2d1 is a balanced basis functions compromising accuracy
and efficiency to perform a vast range of materials exploration.



Ongoing and planned developments

® Speeding-up and low computational memory
O(N), O(NS3), SCF, geometry optimization

® Spectral calculations

Phonon dispersion, band unfolding, visible-ultraviolet, IR,
Raman, XAS, NMR, ESR

® Stress Red: Ongoing
Stress, local stress, local energy Black: Planned

® Beyond GGA

Hybrid functionals, vdW-DF, mBJ,
Machine-learning functionals, GW, RPA

® Electronic transport

Gate bias, eigenchannel, real space current, phonon scattering

® Molecular dynamics
Constant u-ESM, Blue moon, Neural network potentials



New functionalities in the next release

» Opencore pseudopotentials for rare earth elements

» Band unfolding method

» Natural atomic and bond orbitals method

» Blue moon ensemble

» Constant p effective screening medium (ESM) method
» Total energy decomposition method

» \oronoi volume

» Control of strength of spin-orbit coupling in OpenMX
» Constraint scheme for direction and magnitude of spin
» Crystal field analysis

> Stress The release is planned around the end of

> Optical Conductivity 2015 or the beginning of 2016.



Summary

OpenMX Is a program package, supporting DFT within
LDA, GGA, and plus U, under GNU-GPL.

The basic strategy to realize large-scale calculations
relies on the use of pseudopotentials (PPs) and localized
pseudoatomic orbital (PAQO) basis functions.

The careful evaluation of the total energy and
optimization of PPs and PAOs guarantee accurate and
fast DFT calculations in a balanced way.

New functionalities are now under development.
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