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O pe N M X Opensource package foivliaterial exXplorer

A Software package for density functional calculations of molecules and bulks

A Norm-conserving pseudopotentials (PPs)

A Variationally optimized numerical atomic basis functions

Basic functionalities Extensions

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

o Do Io o Do

Charge analysis byullken, Voronoi, ESP
Molecular dynamics with NEV and NVT ensembled
Charge doping A
Fermi surface A
Analysis of charge, spin, potentials by cube files A

Database of optimized PPs and bésiitons A

A

O(N) and loworder scalingliagonalization
Non-collinear DFT for norcollinear magnetism
Spinorbit coupling included selfonsistently
Electronic transport by neequilibrium Green function
Electronic polarization by the Berry phase formalism
Maximally localizedwannierfunctions

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

Band unfoldingmethod

STM image by th@ersoffHamanmmethod

etc.



History of OpenMX

2000 Start of development

: Welcome to OpenMX
2003 Public release (GNWGPL) “

2003 Collaboration:

AIST, NIMS, SNU
KAIST, JAIST,
Kanazawa Univ.
CAS, UAM

NISSAN, Fujitsu Labs.
etc.

2018 18 public releases
Latest version: 3.8

* Whatis OpenMX?
» Download

+ Manual

* Technical Notes
+ Publications

¢ OpenMX Forum

* Workshop
+ Database of VPS and PAO

Contents

« What's new

OpenMX Hands-On Workshop on 10th Oct. in Kobe
Patch (Ver.3.7.8) to ( MX Ver. 3.7 (17/Feb/2014)

Ver. 2013

« ADPACK

* Miscellaneous informations
+ Contributors

* Acknowledgment

¢ Links

http://www.openmxsguare.org

About 500 papers published using OpenMX
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Materials studied by OpenMX

First characterization of siliceneon 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. Relett. 108, 106401 (2012). Silicene graphene
H. Wenget al.,Phy Rev. X 4, 011002 (2014). Carbon nanotubes

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

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

T. Ohwakiet 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

l. Kitagawa et al., Phys. Rev. B 81, 214408 (2010). Lithium ion related materials
Electronic transport of graphenenanoribbon 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 500 published paper

Interface structures of carbide precipitate in bceFe
H. Sawadaet 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

ADensity functional theory
AMathematical structure of KS eq.
ALCPAO method

ATotal energy

APseudopotentials

ABasis functions



Density functional theory

The energy of nowlegenerate ground state can be expressed by
a functional of electron densitfHohenbergand Kohn, 1964)

Elr]=T[ 4 [ Ir @ wa B[ ]

The many body problem of the ground state can be reduc)-@-*
to an oneparticle problem with an effective potential
(Kohn-Sham, 1965)
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Mathematical structure of KS ed.

3D coupled nodinear differential equations have to be
solved seHlconsistently.

¥_ OpenMX: LCPAO | _
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Flowchart of calculation

Initializin : : :
T - The DFT calculations basically consist
~ [charge extrapolation] ~ Of two loops. The inner loop is for SCF
I and the outer loop is for geometry
—> | calculation of H, S Optimization.
}
' al bl . .
Chorge calowlation. The inner loop may have routines for
construction of the KS matrix,
Poisson solver . :
; eigenvalue problem, solution of
charge mixing Poisson eq., and charge mixing.
no I S
yes Y After getting a convergent structure,
Geo.Opt. several physical quantities will be
no | comere calculated.

| yes
physical properties




Classification of the KS solvers

Treatment of core All electron (AE) method
electrons Pseudepotential (PP) method
Basis functions Plane wave basis (PW)

Mixed basis (MB)
Local basis (LB)

Accuracy Efficiency
AE+MB: LAPW, LMTO
AE+LB: Gaussian
PP+PW: Plane wave with PP

PP+LB: OpenMX, SIESTA




LCPAO method

(Linear-Combination of Pseudo Atomic Orbital Method)

Oneparticle KS orbital
NC

1 .° . .
©r)=——& ™™ &N, [ €, - (R
ysm() \Nan. iaa. s,lmé(‘a | n)

IS expressed by a linear combination of atomic like orbitals in the method.
— /M
f(r)=Y"(MB R
Features:

A Itis easy to interpret physical and chemical meanings, since the KS
orbitals are expressed by the atomic like basis functions.

A It 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.)

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

A It well matches the idea of linear scaling methods.




U Total energy



Implementation: Total energy (1)

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

Et.ot — Ekin + Eec + Eee + Exc + Ecc — Ekin + Ena + EéEL) + Eﬁee + Exc + Escc-

(Rn) . .
Ekill = Z Z P, aa] 5 icj3.kin Kinetic energy

n go,j3

Fee = Ee(%) + EE(EL), Coulomb energy with external potential

N
Rn | 7 /
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Fee| = ) / drin(r)Vi(r),  Hartreeenergy
I Y (@) ()
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o 1 1 Exchangecorrelation
J— /dng{;rz.T(r) + .n.l_(r) + 'ﬂ-pcc( )}éxc(nr + 5 “Mpees 1| + 5 nppc) energy
1 YAV

Lee|=5 > 77 Corecore Coulomb energy

TO and H. Kino, PRB 72, 045121 (2005



Implementation: Total energy (2)

The reorganization of Coulomb energies gitlese new energy terms
Eéf) + Eee + Ecc — Ena + Erﬁee + ESCC_-

The neutral atom energy Short range and separable to two

LBy = / rn Vha — 1) '
dr-n (r) Z I (I' I) center mtegralS
Z Z Z pa act_;r 3 Om:(r - Tz')“’;ll&,f (I‘ o TI)‘G;]J'-‘"'S (I‘ T Rn»‘
N je,j3 I

Difference charge Hartree energy

1 qQ . .
Esee = 5 / dron(x)dVi(r),

Screened coreore repulsion energy

Long range but minor contribution

Short range and twoenter

Z1Z; 3 (a), \xr(a)
Fsce = = Ir'n Vi I
Z { p—— - [t v ) integrals
Difference charge Neutral atom potential
on(r) = n(r) —n®(r). ] ] (a
( ) ( ) ( ) I/nzL.I (I‘ - TI] = ‘/core.,f (I‘ - TI) + ‘/I—(I; (I‘ - TI)-

= n(r)— Z’T'f-'-a(;a) (r)



Implementation: Total energy (3)

So, the total energy is given by
Et.ot. — Ekin + Ena + ELEEL) + Eﬁec + Exc + Esce-

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

Ekin
Fra } Spherical coordinate imomentunspace
EQ
Eﬂiee
| } Realspace regular mesh
EXC

J Real space fine mesh



Two center Integrals

Fouriertransformation of basis functions

- 1 \?
dia(k) = ( 2_) fd-rg} {4“2 Z Ve i (kr }Lu(kﬂ}j:u(f“)}-
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- ( 5 ) Ary T Y (=) You(k) f drr?® Ry (r)jr (kr) / dOdp sin(6) Yy, (£) Y (1),

\ &
= Rpu(k)Yin(k), Integrals for angular parts are analytically
. performed. Thus, we only have to
e.g., overlap integral perform onedimensional integrals along
the radial direction.
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Cutoff energy for regular mesh

The two energy componerts . t E,. are calculated on real space
regular mesh. The mesh fineness is determined by-plade cutoff

energies.

scf ,energycutoff

150,10 ¥ default=150 {Ry)

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

1 1 2 1 3 1
EG = 58by - gby, Eq = 58by - gb,, Bt = 58b3 - gbs,
ai as as
a = AT Ay = —, ag = —,
as X ga as; X ga a; X ga

AV = ga;-(gay X gaz),



Forces on atoms
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U Pseudopotentials



Norm-conservingpseudopotentialoy MBK

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

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

The form is equivalent to that
_ 1AaN/A. obtained from th&lochl expansion
WL = Z BU UE> <i~? ‘ for TM norm-conserving
pseudopotentiald’ hus, common
_ Z /\ ‘O (v routines can be utilized for the MBK
"* and TMpseudopotentialsesulting
in easiness of the code development

To satisfyQ;=0 , pseudofunctionare now given by

. ; ) I
Oi = OTM T f.‘r fi = Z Ci [Uf (?._“'Ei)]

i=0 =

The coefficients {c} are determined by agreement of derivatives @¥@.
Once a set of {c} i s determined, G 1S

1 up\2[ . /7
{TM”TMz +&ifi — Viec®i — 52 C; (?—I) [?‘Jf (r—uzi”
i

= c C



Optimization of pseudopotentials

(i) Choice of parameters

Optimization of PP
typically takes a half

Choice of valence electrons (seauire included?)
week per a week.

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

=

W

|

(i) Comparison of logarithm derivatives No good

If the logarithmic derivatives|
for PP agree well with those (ii) 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 stepi).

good *

No good

Good PP



U Basis functions



Primitive basis functions

1. Solve an atomic KohBham eq.
under a confinement potential:

r Z
—— for r=r,

B

s-orbital of oxygen

N
T

7
3

Veorel7) =94 > by forr<r=r,
n=0

=]

h for r.<<r.
.
2. Construct the norraonserving
pseudopotentials.

uonoun4 eAep) [elpey

1
Mo
T

4t

seudo potential for s orbitals (Hartree)

o
_
N
wk
N
o1

3. Solve ground and excited states forthe
the peudopotential for eachdhannel. r(a.u.)

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

Cutoff radius
Number of orbitals e o oo



Convergence with respect to basis functions

The two parameters can be regarded as variational parameter

- .molecule C, :
~310.50 | ‘\'—H%——.\‘_._._.'

41142+t

bulk Cl(dilamloncli)
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S| E |
| D\B-—E_—E_é_E\E—E—E_E _
-
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[=]
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o
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4124

-11.28 |

o
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Total Energy (Hartree/cell
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] ! 1
_ ' C,
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- i —&— 1=4.0 {a.u.) o 3.60F
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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, (Hi5-52) =@ 157 (1s02) Ko (K10.0-52p2) T5F T 15} (3pmi3poZdso?)

He, (He7.0-52) Iyt b zr (150%150&) Ca0 (Ca7.0-s2p242) 1Tt * 1%+ (solao?prd)

Liz (LiS8.0-s2) 'eh e 18k (2e07) ScO (Sc7.0-s2p2d2) et b 2mt (drtsolact)

BeO (Bef.0-a2p2) 1ot 4 1D+ (sofagiprd) Tiz (Ti7.0-s2p2d2) A, ™ PAg (4s073de)3dmi3diy)

B, (B5.5-s2p2) DI (zsagzsagzng V, (V7.5-62p2d2) w1 (4sg§3dg§3dw33d5§)

Cz (C5.0-52p2) ek £ Ink (2s022s022pml) Vo (V7S-sdpdddf2) ;" *E; (4so3doZ3dmisdd;)

Nz (N5.0-52p2) 'TF f "B (2s072pmy2pal)  Crz (Cr7.0-s2p2d2) ‘o e IS (dso?3de3dm 3ds; )

O, (05.0-82p2) B f B (2pei2pmi2prs) MnO (Mn7.0-s2p2d42) °Et P TV (deldridstdr?)

Fy (FE.0-52p2) ek I 19k (2paZ2priz2prl)  Fey (FeT.0-s2p2d2) Ay T TA, (ds023do;3doy, 3dm,3dr 1 3di53d5; )
Neg (Ne7.0-¢2p2) 'E} e In} (2pmi2pmi2pol) Cog (CoT.0-s2p2d2) A, (407 3do; 3dey, 3dmy3dn 73d5;3d5] )
Na, (Nad.0-s2p2) 1ot f "B F (2pmi2poi3eo?)  Nip (NiT.0-s2p2d2) ar ‘Lo (4eoi3doZ3do3dmy3dr;3dd 3day)
MgO (Mg7.0-s2p2) &t P 1%+ (sa?ea?prt) Cug (Cu7.0-s2p242) '£f < 1Zf {450%3:15,_%31:[&531:{#&3{{?#;3d6§3dﬁﬂ )
Als (Al6.5-52p2) Iy * *%; (3s023s073pm,)  ZnH (Zn7.0-e2p2d2)  *Tlt (Dl (sofsotldodmidst)

Aly (Al6.5-s4pdd2)  °II, * *Zp (355%350’&33}?T3J GaH (GaT7.0-s2p2) Iyt v Ig+ (gglad*?)

Sip (Sif.5-s2p2) v fAq, (Escrfasg;mmj) GeO (GeT.0-s2p2) gt £ vt (ssospo’pprtppe?)

Siz (5i6.5-s2p2d1) T f Y (3s0l3prilent)  Asp (AsT.0-s2p2dl) 'BF folgt (dea?deadpaipr?)

Py (P6.0-s2p2d1)  'Tf f "B (3s033poilpr,)  Sez (SeT.0-s2p2dl) 2 fooay- {455%4555435'0 dpmidpr?)

Sy (56.0-52p2) ‘v 1 *%; (3paf3prisprl)  Bra (Br7.0-s2p2dl) IR 354 (4sg§4sg§4pa§4pwg4pwj )

Clz (C16.0-s2p2d2) 'S 1%} (3pel3prisprl) Krp (Kr7.0-s2p2) 125 v Ef (deojdeoidpoidpoidpmidpry)
Ars (Ar7.0-s2p2) IE‘E" i IE;‘ (3pm,3pmy3pas)

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



Variational optimization of basis functions

Oneparticle wave functions Contracted orbitals
wﬁ(r)=2 c,u,fcrd)r'a:(r_r;') (rb;'&(r)=2 Hiaqun(r)
I q

The variation of E with respect towith fixed a gives
(?El.tr:ll"l{&cﬁ.f{}:zo Y zﬂ <¢EH‘H|¢;3>C;¢=J’,{)’=8#_EE (qbfa‘(bj,[i’)cﬁ:jﬁ
J J

Regarding c as dependent variables@amd assuming KS
eg. is solved selfonsistently with respect tg we have

IE oE ., op(r)

(?ﬂ;a,q - 5,0(1') ﬁaiaq
=22}8 (@E-a‘jﬁ(x”}.‘f:flt;bj'ﬁ)_Eimjﬂ(Xh?‘(bjﬂ))
J

Ozaki, PRB 67, 155108 (2003)



Comparison between primitive and optimized basis functions

Energy convergency

-7.75 B LA e ey . Radial shape of carbon atom
| C,H | -
7.80 | 20 | oal - s-orbital
_ —®—  Primitive : Tl Z \\
-1.85 —&—  Optimized
> _ | i — Primitive 1
O 799 oal O\ - Optimized (C,Hg) |
E _ 5 o 1 7l — — Optimized (C,F)
I . c
> 795¢ . =
> 0 10 20 30 0 5 |
m ! I I I I I I | I I | I Lﬂ'; DO : T
C {543+ i > 1.2t .
- : CoFe - A p-orbital
T
g 15447 o IR A
I I —®—  Primitive E 0.8F 1\
-154.5 I —&—  Optimized | ,‘[' —— Primitive |
_ [ | ------ Optimized (C,H;)
1546 1 | 0.41 — — Optimized (CEF;)
-154.7 | |
40 80 120 160 200 240 280 320 0_8
0 2.0 4.0 6.0
Number of Bases r (a.u)

Ozaki, PRB 67, 155108 (2003).



Optimization of basis functions

1. Choose typical chemical environments pay

2. Optimizevariationallythe radial functions

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



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
(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.

Public release of optimized and well tested VPS and PAO so

H that users can easily start their calculations. He
Li Be B C N O E Ne
Na Mg Al 8 P § O A
K Ca S i V¥V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb St Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Cs Ba L H Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
Fr Ra A
L la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu



Reproducibility in DFT calcs
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PBE lattice constant of Si

Errors . .
A Basis functions

A Pseudopotentials
A Integralsinrandr



