PCoMS OpenMX Hands-on Tutorial

Program:

9:30-10:40
10:40-11:10
11:10-12:00
12:00-13:00
13:00-13:30
13:30-14:10
14:10-14:40
14:40-15:20
15:20-15:50
15:50-16:30
16:30-17:00

Introduction of DFT and OpenMX

Hands-on lecture

Login to computer and perform test calculations
Lunch

Geometry optimization, NEB calculations, and molecular dynamics
Practical session (take a break properly)
Calculations of X-ray photoemission spectra
Practical session (take a break properly)
Electronic transport calculations by NEGF
Practical session (take a break properly)
Discussion session

Taisuke Ozaki (ISSP, Univ. of Tokyo)
Mitsuaki Kawamura (ISSP, Univ. of Tokyo)

Institute for Materials Research (IMR), Tohoku University, Feb. 14, 2020.



Purposes of the tutorial

The first-principles calculations based on density functional
theories (DFT) have been playing an indispensable role in
deeply understanding physical and chemical properties of
materials in recent years.

In the tutorial, we would like to introduce OpenMX based on
DFT, optimized numerical basis orbitals, and pseudopotential
with practical calculations so that that you can get familiar with
OpenMX calculations.

Any guestions regarding OpenMX calculations are welcome.
We hope that OpenMX can be useful for your future researches.



Open MX 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
2003 Public release (GNU-GPL)

2003 Collaboration:
AIST, NIMS, SNU
KAIST, JAIST,
Kanazawa Univ.
CAS, UAM

NISSAN, Fujitsu Labs.
etc.

2019 19 public releases
Latest version: 3.9

Welcome to OpenMX

Contents

+ What's new
Patch (Ver. 3.8.5) to OpenMX Ver. 3.8 (June 12, 2018)

» What is OpenMX?
* Download
+ Manual of Ver. 3.8
* Technical Notes
* Video Lectures
* Publications
¢ OpenMX Forum
+ OpenMX Viewer
* Workshop
« Database of Results
« Database of VPS and PAO
o Ver. 2019
o Ver. 2019 for core excitations
« ADPACK
* Miscellaneous informations
« Contributors
* Acknowledgment
* Opening positions
e Links

http://www.openmx-square.org



Development of OpenMX code
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Contributors to OpenMX development
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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).

Theoreti o Materials treated so far
eoretical 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

I. 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 800 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).



Silicene on ZrB,

The XPS data is well compared with the calculated binding energy of planar-like structure.
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Electron transport of graphene nanoribbon

The NEGF calculations predict that the on/off ratio of conductance of the graphene nanoribbon
on surface oxidized Si substrates is about 10°, being consistent with experimental measurements.
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Interface of BCC-iron and metal carbides

'Lhehpre0|p|tat|on of metal carbides is an e_ffectlve way to cont_rol H. Sawada et al., Modelling
the ardness and toughness_ of steel. We tried to estimate possible Simul. Mater. Sci. Eng. 21,
interface structures depending on the size of precipitates. 045012 (2013).
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Implementation of OpenMX

* Density functional theory

« Mathematical structure of KS eq.
* LCPAO method

» Total energy

 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)u()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)

Hysdi = €;0;
W.Kohn (1923-2016)

. 1
Hks = —§V2 + Veff

0E..
op(r)

Veff = 'Iaext(r ) + '?-'?Ha,rtree(r} +



Algorithmic structure of KS eq.

3D coupled non-linear differential equations have to be
solved self-consistently.
¥ OpenMX: LCPAO |

Ea

J . I .
Hgsoi = €0 Hisg = —5V2 + Voff

T~

0CC

pr) = Zm(r)o?( )

OpenMX: PW-FFT

VQ UHartree ( I‘) = —4nr % ( r )

\ 0F

tut = st (F) + Tita (1) + 55

Input charge = Output charge — Self-consistent condition




L CPAO method

(Linear-Combination of Pseudo Atomic Orbital Method)

One-particle KS orbital
. 1 R, - k
wr(:rl;) (I") — Z CIRH < Z cfr;;,)irxfbiﬂ(r — Ty — I{I‘l):I

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

o(x) = Y/ (¥ R(r)

Features:

« [tis easy 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.

ETDT - El{in + Eot- + Em:e + E}c:(* + E(‘(' — Ekin + EIlEL + E(-EEL) + Eﬁee + Exc + Escc-

N
(Rn) ; (Ru) o
Ekin - ; ; Z Pa e‘i‘:jﬂ mﬁﬂ,kin- Kinetic energy
agid
E.. = E&" + ENR), Coulomb energy with external potential
- Z; Z I)Jh'_'tjlj f:’ .-:r'l Té:||¥1';::orr:,flir g |£‘D 3'1 Rn'i
icv, i3

+ z Z Z J'r‘)cr m;ﬁ D L‘rl r—7; || ; th.-.,f'fr — Tf||(:jj3'r - TJ' — R’n' ::

icv,j 3

Eee| = 5[ drin(r)Va(r),  Hartree energy

1 3 . oy rrAlaly .
— 6 [ d?‘aﬂ | r ,IJ[ I[_i'a] I r .:| + rﬁ"IH I r :I } .
Eq = [dr*{n;(r) + n(r) + npe(r)}ec(ng + SMpees 1| + 5Mpec)s  Exchange-correlation
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ZiZy
E B ] Core-core Coulomb energy
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= TO and H.Kino, PRB 72, 045121 (2005)
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Implementation: Total energy (2)

The reorganization of Coulomb energies gives three new energy terms.

E{L} + Eee + Ec Ena + E&Iee + ES!C'-C'.:'
The neutral atom energy Short range and separable to two-

_ [ J 7 T — T -
E,. = fd.r ﬂ':\lf:'z-[na,,f':,l TI) center mtegrals

R, , N ‘ ,
= Z Z Z 1'91;- »,-,,;é% "32'.::[1‘ — Ti ,:'H'fna,,f \r— 77 ,:'|f*'j,':7':‘r — Ty — Rn,:';::

N i3

Difference charge Hartree energy

| Long range but minor contribution
Esee = 5/d-re’drz[l‘]ﬂ-'i[{l‘},

Screened core-core repulsion energy
Short range and two-center

Es-c-c = 5; |i|7_f —Tj| _‘/"'rhan} J( ]I[}I,j(r]] ) Integrals

Difference charge Neutral atom potential
on(r) = nlr)—n™(r).

= n(r) - Y m"(r).
:

-{"im?f{l' —T7) = L:u:ulef':l 1)+ WV taj( — 77 ).



Implementation: Total energy (3)

So, the total energy Is given by
Et.ot. — Ekin + Ena + EéEL) + Erﬁee + Exc + Eacc'

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

Ekin

Fra } Spherical coordinate in momentum space
EQ

Eﬂiee

| } Real space regular mesh

EXC

J Real space fine mesh



Two center integrals

Fourier-transformation of basis functions
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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.

scf ,energycutoff

150,10 ¥ default=150 {Ry)

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

() 1 (2 1 (3 1
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LA _m o
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ga, X ga, ga; X ga, ga; x gas
b & by = 29 b, =2

AV = ga,(ga, X gay),



Forces
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Forces are always analytic at any grid
fineness and at zero temperature, even if
numerical basis functions and numerical grids.



» 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.

P ;(-@'} AN — (. T WV
D. Vanderbilt, PRB 41, 7892 (1990). i) = Vaplon) = (e = 1" = Ve ) |03)
I Bij = (dilx;)
i 5:) => (B 1)ilxs)
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 o Bji'- — (Ei o Ej)Q-a'j used in OpenMX

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

i)k — (0i|0j) R



Non-local potentials by Vanderbilt

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

~(N (PS
P

Z 18:) Bi; (B
Z |31-"Blj Z (
ZI,@'}B@

/  (PS)y
) ” (o) ™),

Noting the following relations:

oY (r) = o (r) + UE](T] + ”;EE_FDCCJ (7).

i x
1
— 3" 1)Byb. xi) = (5 + 377 - o) 1679,
ij
B;; = | 5 (FS) )
= Z (Z (B—l)ji Yj}) Bﬁf- J @4 |X.}
E: J e I —
= | Ix) 1Bi) :g(B l) X;5)

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

(_%vE_I__E,LSL](T)_'_ {xu)



Generalized norm-conserving conditions Q;

In the Vanderbilt pseudopotential, B is given by
2
B — f dr‘P{qu( ) ( e 1d® I(l+1) U{SLJ(_T,)) P{PSJ(T)?

2 dr? 2r2 J
2
. ®3) () (¢, 4 L2 W+ suyy ) pPS)),
Bii = / ark ( HEY Y — o () ) P (),
Thus, we have
Bij — Bj; = (g; — 51’)/ d'rP'LFS](T)P{PSJ(T)
_% fﬂrc drﬂtpa}(?‘)fzﬁr{m / dr Prr{P‘%j( }P(PS}( ).

By integrating by parts, this can be transformed as

. PS PS), L1, ps PS re 1
Bij — Bji = (g5 —€&:)(¢ )|¢’[ Jre T 5 [R} ](?“)P;( J(-r}]n 3 [

, (PS), 1 (ps : 1 S :
(; — Ei){@EPS}|¢;PS Ve + EH{PQJ(TC)P;{P&)(W) _ EP_’{P‘?J(TC)PJ_(PSJ(,T.C)_ . (1)

i

i

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

) 1 s )
0= (&5 — &)@ P16)r, 4+ S PP () AP (1) — 2 PO () PP ). 1 (2)

By subtracting (2) from (1), we obtain a relation between B and Q.

*  (AE), (AE (PS), (PS
Bij—Bji = (si—ej) (6165 re = (65 165 e




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
_ AN/ A. obtained from the Blochl expansion
WL = Z BU UE> <i~? ‘ for TM norm-conserving
pseudopotentials. Thus, common
_ Z \. ‘O-‘.' (v ‘ routines can be utilize_d for the MBK
LR/ A and TM pseudopotentials, resulting
in easiness of the code development.

To satisfy Q;=0, pseudofunctions are 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 and Q;;=0
Once a set of {c} 1s determined, ) 1s given by

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

= c C



Pseudo-wave funtion and psedopotential of carbon atom

Red: All electron calculation
Blue: Pseudized calculation

Pseudopotential for C 2s and —4/r  Radial wave function of C 2s

—

V(r)




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 (ii1) Validation of quality of PP by performing
of the all electron potential, good a series of benchmark calculations.

go to the step (iii), or return —>

to the step (i).

good *

No good

Good PP



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.
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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
—— 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 norm-conserving
pseudopotentials.

uonoun4 eAep) [elpey

1
Mo
T

A

Pseudo potential for s orbitals (Hartree)

o
_
N
wk
N
o1

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
Number of orbitals oRB 6o, 195115 (2000



Convergence with respect to basis functions

The two parameters can be regarded as variational parameters.
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Total Energy (Hartree/cell
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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 (DNP In most cases)



Variational optimization of basis functions

One-particle 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 to ¢ with fixed a gives
(?El.tr:ll"l{&cﬁ.f{}:zo — zﬂ <¢EH‘H|¢;3>C;¢=J’,{)’=8#_EE (qbfa‘(bj,[i’)cﬁ:jﬁ
J J

Regarding c as dependent variables on a and assuming KS
eqg. is solved self-consistently with respect to c, 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)



Optimization of basis functions

1. Choose typical chemical environments pay

2. Optimize variationally the radial functions

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
(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 & P 8§ C A
K Ca & Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb &r Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Cs Ba L H Ta W Re Os I 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

DFT METHODS

Science 351, aad3000 (2016)

Reproducibility in density functional
theory calculations of solids

Kurt Lejaeghere,'* Gustav Bihlmayer,” Torbjorn Bjorkman,>* Peter Blaha,’

Stefan Bliigel,2 Volker Blum,® Damien Caliste,”® Ivano E. Castelli,? Stewart J. Clark,'®

Andrea Dal Corso," Stefano de Gironcoli,” Thierry Deutsch,”® John Kay Dewhurst,'*

Igor Di Marco,'? Claudia Draxl,'*'* Marcin Dulak,'® Olle Eriksson,'® 15 co d es
José A. Flores-Livas,"” Kevin F. Garrity,'” Luigi Genovese,”® Paolo Giannozzi,"®
Matteo Giantomassi,'? Stefan Goedecker,?° Xavier Gonze,' Oscar Grinis,'>*
E. K. U. Gross,"* Andris Gulans,'*'” Francois Gygi,>* D. R. Hamann,>*-**

69 researchers

Phil J. Hasnip,>* N. A. W. Holzwarth,2® Diana Iusan,'> Dominik B. Jochym,>’ 71 elemental bulks
Francois Jollet,>® Daniel Jones,?® Georg Kresse,”® Klaus Koepernik,?"*?

Emine Kiiciikbenli,”"'" Yaroslav O. Kvashnin,'? Inka L. M. Locht,"®>?? Sven Lubeck,* GGA-PBE

Martijn Marsman,”® Nicola Marzari,” Ulrike Nitzsche,?' Lars Nordstrom,'? Scal ar re [ atiVi Stl C
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Santanu Saha,?® Matthias Scheffler,’**° Martin Schlipf,?* Karlheinz Schwarz,”
Sangeeta Sharma,'? Francesca Tavazza,'” Patrik Thunstrém,*' Alexandre Tkatchenko,"*?
Mare Torrent,>® David Vanderbilt,>* Michiel J. van Setten,'?
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PBE lattice constant of Si
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Energy of element : (meV/atom)

A-gauge

A way of comparing accuracy of codes

1.06V4 ; ,
J‘o.gwo‘:,; (Eb;i(V) - Eaa(V)> av

0.12Vp ;

Volume (A? /atom)



Evaluation of GGA-PBE By A-gauge

In comparison of GGA-PBE with Expts. of 58
elements, the mean A-gauge is 23.5meV/atom.

U e Alexp) = 23.5 meV/atom

0.4
_ta g |

0.2 | 15 13.7 | 190

Cr e As SE Br Kr

Im m
M Mo Sh W
W Ho (]~

4.0 | 2.5 2.8 | 16.8




Comparison of codes by A-gauge

>
et

I o
— M
M L]
-] “ .m u u
M o 8 t a
w | g E + —
=} I o A E L
i, % 1 B g g B
o v U m n
S8 8 E d B 8 %
el [06]; 03 03 06 10 09 03
exciting _,.“_....-,._“ 03 01 05 09 08|02
FHI-aims/tier2 c_m“ 03 01 05 09 08 02
|
% FLEUR | 06] 06 05 05 08 06 04
|
FPLO/T+F+s | 09] 10 08 09 08 09 09
|
RSPt | 0B8] 09 08 08 06 09 0.8
|
WIENZk/acc | 05103 02 02 04 09 0B
GBRV12/ABINIT n__m“ D9 08 08 09 13 11 08
GPAWO9/ABINIT HL“ 13 13 13 13 17 15 13
M GPAWO09/GPAW H_m“Hm 15 15 15 18 17 15
o JTHOZ /ABINIT n_m“pm 06 06 06 09 07 05
PS1iblO0/QE _u.m__“ 09 08 08 08 13 11 08
VASPGW2015/VASP n_m“ 04 04 04 06 10 08 03
GBRV14/CASTEP E“”E 11 10 10 14 13 10
W GREV14 /QE H_H“ 10 10 09 10 14 132 10
8 OTFGY9/CASTEP _u_H..“ 04 05 05 07 10 10 05
|
U SSSP/QE _....__......._ 04 03 03 05 09 08 03
|
Vdb2/DACAPO | 63 63 63 63 63 64 65 62
|
FHI98pp/ABINIT 1533|135 134 134 132 130 132 134
|
HGH/ABINIT | 22| 22 22 22 20 23 22 21
|
al HGH-NLCC/BigDFT | 11111 11 11 10 12 11 10
ol ¢
C MBE2013/0penMX M.n___ 21 21 21 19 18 18 20
= ONCVPSP(PDO.1) /ABINIT _u_H..“ 07 07 07 06 10 08 06
ONCVPSP (SG15)1/0E H_h“ 14 13 13 13 16 15 13
oNcvesP (sG15)2/casTEP | 14114 14 14 13 16 15 14

The mean A-gauge of OpenMX is 2.0meV/atom.



Practical guide to OpenMX calculations

Choice of cutoff energy
Calculations of energy curves
SCF calculations

How to choose basis functions
Work functions and floating states
Overcompleteness

Restarting

Outputting in a binary mode



Choice of cutoff energy

scf.energycutoff 200 # default=150 Ryd
The FFT grid is used to discretize real space and calculate E;.., E, ., and can be specified
by scf.energycutoff.
_ Cutoff energy Total energy

In most cases, 200 Ryd is —7.92r (Hartree) (Hartree) ]
enough to get convergence. » 10 -7.938616239814 il

QO 20 —-8.072168056546

E Z 96 40 —-8.027966862891
= /. I a0 -8.031120851475 N

However, large cutoff = 190 8032504007515
energy (300-400 Ryd) has L 160 -8032633125017 _

be used for cases such as 5 0 e '333 _8 032868310857
I —OfT 400 —-8.032889912070 ]

use of pseudop_otentlals 2 500 8032889566724
with deep semi-core states. @ i 1000 ~8.032875148655 |

4]
= L & L ]
2 -8.04f -
_ Total energy of a methane molecule i
Memory requiment
O E3/2 -808 ! ! ! ! | | | | |
(E*) 0 200 400 600 800 1000

Cutoff energy (Ryd)



Choice of cutoff energy

Geometry optimization of H,O

Dependency of optimized structure of

H,O on scf.energycutoff. It turns out that
180Ryd. is enough to reach the -
convergence.

Table 1: Convergence of structural parameters, dipole moment of a water molecule with respect
to the cutoff energy. The input file is 'TH20.dat’ in the directory 'work’.

Ecut(Ryd) r(H-O) (A) / (H-O-H) (deg) Dipole moment (Debye)

60 0.970 103.4 1.838
90 0.971 103.7 1.829
120 0.971 103.7 1.832
150 0.971 103.6 1.829
180 0.971 103.6 1.833

Exp. 0.957 104.5 1.85




Volume vs. Energy curves

The following keywords are available to calculate energy curves.

MD.Type EvsLC #
MD.EvsLC.Step 0.4 # default=0.4%
MD.maxIter 32 # default=1
I I 1 I I | I I I I 1 I/ I A 32 Z
When the energy curve for bulk - — ] =
system is calculated as a function I — 28 §
of the lattice parameter, a sudden 0 I M -
change of the number of real space E 17943 124 @
grids is a serious problem which | —e— 200 Ryd ] f
produces an erratic discontinuity g i —e— 290 Ryd 120 g
on the energy curve. To avoid this, & i Fixed (32x32x32) 16 ®
the number of grids should be D i ] L3
fixed by explicitly specifying the :g -179.14 | l1p 2
following keyword: = - - 2
B 18 =
scf.Ngrid 323232 I . ] @
094 096 0.98 1 1.02 1.04 1.06 1.08

The numbers correspond to the number of
grid along a-, b-, and c-axes, respectively.

scf.Ngrid is used if both the keywords MD.EvsLCflag 110 # along a, b, c-axes
scf.energycutoff and scf.Ngrid are specified. 1: varied, 0O: fixed

al/a0



Self-consistency: Simple charge mixing

The KS effective is constructed from p.
However, p is evaluated from eigenfaunctions of KS eq.

FaY Fa 1
J ] _ 2 .
Hxsoi = ¢;0;  Hgs = —5V + Voff

Ueft = Uext (I') T :E"}Hz-l.l‘tl‘ﬂﬂ(r) - <
plr) =2 i (x)ei{r)

Simple charge mixing method

The next input density is constructed by a simple mixing of input and output densities.
(in) (111) (Out)
Pn4+1 — QPp (1 o 05)

It works well for large gap systems and small sized systems.



Self-consistency: RMM-DIIS

Idea:

Minimize the norm of a linear combination of previous residual vectors.

R“"'l - Z ST S ‘R”(q) = ,ﬁ?l;:illlt,l(qj
m=n—(p—1) .

{I i) fR |R = Z Bna( )R’Hf((l)

) q W (q) '

F = {E?’L—Fl ‘Rn-kl} — A (l - i
; Kerker e

- factor : —
= Z '-f-‘”rn.ﬂ’rnNRwa.|R/rra"> — A (1 - Z ‘lm) . ﬂ(q) |q|2 + qg ]

m

|.111.|(

q),

m,m’
. Long wave length components corresponding to
Minimization of F leads to small |g| are taken into account.
- — 0 (Rn—(p—l)|Rn—(;u—1)> 1 Xp—(p—1) 0
aﬂk e ces cen 1 Oy (p—1)+1 0
OF . oo (Ru|Ry) - .
aN — 1 1 0 3A 1
Optimum input density might be given by
:I n n
|111 | -
Pyl = Z Ccy 'i'??f."gnlin -+ -3 Z o Rm
m=n—(p—1) m=n—(p—1) G.Kresse and J. Furthmeuller,
PRB 54, 11169 (1996).




Norm of residual density matrix or charge density

Mixing methods

o, (a) Available mixing methods:
1 0_3 & =‘=-“q~n:;.e_.:.:“ﬁ_e e .".". seeseey
joo| — Simele oSt T Simple mixing (Simple)

_g| —— GR-Pulay
—— Kerker

2] —=— RMM_DIISK Residual minimization method in the direct inversion

" | —— Rum_DIISV Sialic acid | iterative subspace (RMM-DIIS)
105 —=— RMM-DIISH
0 10 20 30 40 50 .
Number of SCF iterations Guaranteed reduction Pulay method (GR-Pulay)
Jr—— T o
10 () Kerker mixing (Kerker)
107°F

- Simple oy
1077 —— RMM-DIIS %%, %,
_g| —— GR-Pulay S8
—— Kerker

RMM-DIIS with Kerker metric (RMM-DIISK)

&

B e T by oy e ey 1)

B WY, SRayppeaeeRle™ Y it crefeng)
ey

A
—— BMM-DIISK

107"%F —« BRMM_DIISV Pt13 Cluster
10~} —— RMM-DIISH L . .
010 20 30 a0 80 s0 70 80 s 100 RMM-DIIS for Hamiltonian (RMM-DIISH)

Number of SCF iterations

RMM-DIIS for Kohn-Sham potential (RMM-DIISV)

___________________

W T T (o] Recommendation:

RMM-DIISK or RMM-DIISV

Ny o,
i g

107°F RMM—DIS T BRI Vi pann - ] _

0ol e M N For DFT+U and constrained methods
—— RMM-DIISK et i

10-°F —— RMM-DIISV Pt63 cluster | RMM-DIISH

—=— RMM-DIISH

T Rusormns © 0 @ Seealso the page 63 in the manual.




Database of PAO and VPS

https://t-ozaki.issp.u-tokyo.ac.jp/vps_pao2019/
Database (2019) of optimized VPS and PAO

The database (2019) of fully relativistic pseudopotentials (VPS) and pseudo-atomic orbitals
(PAO), 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_DATA19/VPS/ and openmx*.*/DFT_DATA19/PAQ/, respectively.
The delta gauge of OpenMX with the database (2019) 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 Mg Al 8§i P S§ C A
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te 1 Xe
Cs Ba L Hf Ta W Re Os It Pt Au Hg TI Pb Bi Po At Rn
Frr Ra A

L Lla Ce Pr Nd Pm Sm Eu Gd Tbh Dy Ho Er Tm Yb Lu

Bk Cf Es Fm Md No Lr

B
>
o
_|
>
0
W
c
P
©
T
c
>
3
O
3



Specification of PAO and VPS

PAQO and VPS are specified by the following keyword:

LOetfinlition.of .Atomlc.Specles
i 07 .0-sZpZdl O_PBE19
H H7 . O-sZpl H_PBE19

Detinitlion.of .Atomic.Specless

e O7.0 means O7.0.pao.

« -s2p2d1 means 2, 2, and 1 radial functions are allocated to
s-, p-, and d-orbitals.

* In this case, for oxygen atom, 2x1+2X3+1X5=13 basis

functions are allocated.

O _PBE19 means O _PBE19.vps.

The path for O7.0.pao and O_PBE19.vps is specified by
DATA.PATH  /home/soft/openmx3.9/DFT_DATA19

Default value 1s “../DFT DATAI19’.



How to choose basis functions: H,O case
By clicking H7.0.pao and O7.0.pao in the database(2019), you may find the following

https://t-ozaki.issp.u-tokyo.ac.jp/vps_pao2019/H/index.html https://t-ozaki.issp.u-tokyo.ac.jp/vps_pao2019/0O/index.html

R E R PR e Rt LR T LT F R LR AL R E SRR TSRS A SRS LRSS AL LSS EELEEIL L

Eizen values(Hartree) of pseudo atomic orbitals Eizen values(Hartree) of pseudo atomic orbitals
R e T R e LTI LT I LT A EERERR R R R R RN AR R AR R AR R AR R R R R R R Rk
Eizenvalues H70paO Eigenvalues 07 O paO 1
Lnax= 3 Mul=15 ‘(3 Lnax= 3 Mul=15 ¥

[ mu 0O 0 -0.%3595211035442 [ mu 0O 0 -0.87913976280231

[ mu 0O 1 D.141DESBEEEIBE?‘§ | mu 0O 1 0.0650490614901:229

| my 0O 2 0.6175173003744 | mu 0O 2 0.5270927556584

[ mu 0O 3 1.31590671588573 ES | mu 0O 3 1.243801 40722517

| mu 0O 4 2. 2405276260530z | mu 0O 4 2.21329552402723

[ my 0O B 3.37954791544661 | mu 0O 3 3.41945465599267

[ mu 0O 6 4.73488569525610 | mu 0O B 4.543086070597 49

[ mu O 7 G.306035874470710 | mu 0O 7 6.4532509071 42365

[ my 0O & 5.09282716517258 | mu 0O @ §.34207134316001

| my O 3 10.08464035732420 | mu 0O 4 10.399732 441321492

[ mu 010 12.31085267019158 [ mu 010 12.659513764950926

[ mu 011 14.7405731 4485273 [ mu 0 11 15.10425655136954

| my 012 17.3827754574264] | mu 012 17.74677530362947

[ mu 013 20.%3645090753857 ES | mu 013 20.55633940582683 ;2

[ mu 014 23.30073926597344 | mu 014 23.62857122674031

[my 1 00 0.1041 4654540465 [ mu 1 0 -0.33075132595384

[mu 1 1 0.47776040452236 [ mu 1 1 0.16376499567753

[ mu 1 2 1 .069658650453656 | mu 1 2 0.641282745645305

[ mu 1 3 1.58261331124851 [ mu 1 3 1.35985471521821

[ mu 1 4 Z.91175685538064 [ mu 1 4 2.31377697411480

[ mu 1 3 4.15601184759445 | mu 1 & 3.000526183 74026

[ mu 1 6 5.61454131060210 | mu 1 B 4.91841590421346

[ mu 1 7 7.20681 796256307 [ mu 1 7 B.06499793345396

| my 1 @ 4.17254361 476158 [ TVR 8.4363410541009

[ mu 1 9 11.27156766390556 [ mu 1 8 10.927335404787495

[ mu 110 13.5983581334565500 [ mu 110 12.83276959780635

[ mu 1 11 16.109216374994960 [ mu 1 11 15.34880171573570

[ mu 112 15.584767360575107 [ mu 1 12 15.07414632417004

[ mu 113 21.78802110024685 | mu 1 13 21.010131109344249 E}

[ mu 114 24.96300450798286 [ mu 1 14 24.159933607 166566

[ mu 2 0 0.278591526500170 [ mu 2 0 0.26162845297116

[ mu 2 1 0.7EH704009554635 [ mu 2 1 0.70705247436837

| my 2 2 1.47576581 4487054 | my 2 2 1.3471 4706672243

[ mu 2 3 2.39881523739167 | mu 2 3 2.19738459356269

P % RATIARAATTIRA | mu 2 4 3.26511989653323

Choosing states with lower eigenvalues leads to H7.0-s2p1 and O7.0-s2p2d1.



How to choose basis functions: Si case(1)

Si7.0.pao

Eizenvalues

Lmax= 3 Mul=1h
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JTBR4247260872
LATIhERR461703
L39915528592393
LAM0GT03303063
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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

S17.0-s1p1d1
S17.0-52p2d1
S17.0-53p2d2f1
518.0-53p2d2f1

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

By comparing Si7.0-
1 s3p2d2fl with Si8.0-
s3p2d2f1, it turns
out that

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

https://t-ozaki.issp.u-tokyo.ac.jp/vps_pa02019/Si/index.html
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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.



Floating states in 3C-SIC
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® [nclusion of polarization orbitals is important to reproduce band structures.
@® The band structure up to 5 eV Is reproduced by s2p2d1.



Basis set superposition Error (BSSE)

Binding energy

Equilibrium O-O || Dipole moment Binding energy (couterpoise
distance (Ang.) (Debye) {kcal/mol) corrected)
(kcal/mol)
07.0-s2p2d1, H7.0-s2p1 2.899 2.54 557 5.21
07.0-s3p3d2, H7.0-s3p2 2.897 245 5.48 5.48
Other calc. 2.89034 5.15¢
Expt. 2.98" 2.60" 544"

https://t-ozaki.issp.u-tokyo.ac.jp/vps_pao2019/O/index.html

A series of benchmark calculations implies that BSSE is
~(0.5 kcal/mol for molecular systems.




Work functions
fcc Al (111) surface

By allocating empty atoms in vacuum near the surface, one can
calculate work functions accurately.

——————1————  Work function
Non:ghost +— A ]
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Coordinate along the surface normal (Ang.)

Al(111) fcc 1x1 6L, GGA-PBE, Fix to the equilibrium lattice parameter

By Jippo and Ohfuti (Fujitsu) Al6.0-s1p2d1, Al_PBE  (Database ver. 2006)
E6.0-s1p2dl, E (Database ver. 2006)

w

See the page 207 in the manual.



Overcompleteness of basis functions

Total energy of fcc-Ag
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Lattice constant (Ang)

A numerical instability, called “overcompleteness”, tends to appear if a lot of
basis functions are used for dense structures such as fcc, hcp, and bec.



Cause of overcompleteness

Let’s take a H, molecule as a simple example, and
consider d—0 where d is the interatomic distance.

He =¢c5¢
( e h ) )
H = h e \/
be He = &Se
g_ (1> He = sVAVie
s 1 N2y gy 22T = a2,

} A0 vt
q—V ( U1 N ) VT =TV AV - A_UQL,?HL,)\_L/Q

b=V'c

I)\l =1—=5 m = (l —lJI
Ao =1+s V9 = (l l)

H'b = =b

A round-off error arises
when H’ 1s calculated,
and the error is
magnified by 1/\2,.




Recommendation of choices for PAO

VPS Valence electrons | Quick Standard Precise

E 0.0 Kr10.0-s1pl Kr10.0-s2p1d1 Kr10.0-s2p2d1£1
H_PBE19 1.0 H5.0-s2 H6.0-s2pl H7.0-s2p2d1
He_PBE19 2.0 He8.0-s1pl He8.0-s2pl Hel0.0-s2p2d1
Li_PBE19 3.0 Li8.0-s3pl Li8.0-s3p2 Li8.0-s3p2d1
Be_PBE19 2.0 BeT7.0-s2pl Be7.0-s2p2 Be7.0-s3p2d1
B_PBE19 3.0 B7.0-s2p2 B7.0-s2p2d1 B7.0-s3p2d2
C_PBE19 4.0 C6.0-s2p2 C6.0-s2p2d1 C6.0-s3p2d2
N_PBE19 5.0 N6.0-s2p2 N6.0-s2p2d1 N6.0-s3p2d2
O_PBE19 6.0 06.0-s2p2 06.0-s2p2d1 06.0-s3p2d2
F_PBE19 7.0 F6.0-s2p2 F6.0-s2p2d1 F6.0-s3p3d2f1
Ne_PBE19 8.0 Ne9.0-s2p2 Ne9.0-s2p2d1 Ne9.0-s3p2d2
Na_PBE19 9.0 Na9.0-s3p2 Na9.0-s3p2d1 Na9.0-s3p2d2
Mg _PBE19 8.0 Mg9.0-s2p2 Mg9.0-s3p2d1 Mg9.0-s3p2d2
Al_PBE19 3.0 Al7.0-s2p1d1 Al7.0-s2p2d1 Al7.0-s3p2d2
Si_PBE19 4.0 Si7.0-s2pld1 Si17.0-s2p2d1 Si7.0-s3p3d2
P_PBE19 5.0 P7.0-s2p2d1 P7.0-s2p2d1f1 P7.0-s3p2d2f1
S_PBE19 6.0 S7.0-s2p2d1 S7.0-s2p2d1f1 ST.0-s3p2d2f1
CLLPBE19 7.0 CI7.0-s2p2d1 C17.0-s2p2d1f1 CI7.0-s3p2d2f1

See also the pages 55 and 56 in the manual.




Restarting of calculations

« After finishing your first calculation or achieving the self consistency,
you may want to continue the calculation or to calculate density of
states, band dispersion, molecular orbitals, and etc. using the self
consistent charge in order to save the computational time. To do this,
a keyword 'scf.restart’ is available.

scf.restart on # on|off,default=off

o If the first trial for geometry optimization does not reach a
convergent result or molecular a dynamics simulation is terminated
due to a wall time, one can restart the geometry optimization using an
input file 'System.Name.dat#' which is generated at every step for the
restart calculation with the final structure.

See also the page 67 in the manual.



Output of large-sized files in binary mode

Large-scale calculations produce large-sized files in text mode such as cube files.
The 10 access to output such files can be very time consuming in machines of
which 10 access iIs not fast. In such a case, it is better to output those large-sized
files in binary mode. The procedure is supported by the following keyword:

OutData.bin.flag on # default=off, on|off
Then, all large-sized files will be output in binary mode. The default is 'off".

The output binary files are converted using a small code 'bin2txt.c’ stored in the
directory 'source' which can be compiled as

gcc bin2txt.c -Im -0 bin2txt
As a post processing, you will be able to convert as
Jbin2txt *.bin

The functionality will be useful for machines of which 10 access is not fast.

See also the page 320 in the manual.



Large-scale calculations

The following is a result of 'runtestL2' performed using 640 MPI processes
and 1 OpenMP threads on a Xeon cluster.

$ mpirun —np 640 openmx -runtestL2 -nt 1

1 large2_example/C1000.dat Elapsed time(s)= 777.60 diff Utot= 0.000000007341  diff Force= 0.000000008795
2 large2_example/Fel000.dat Elapsed time(s)= 8181.70  diff Utot= 0.000000002241  diff Force= 0.000000011061
3 large2_example/GRA1024.dat Elapsed time(s)= 927.20 diff Utot= 0.000000012903  diff Force= 0.000000004981
4 large2_example/Ih-Ice1200.dat Elapsed time(s)= 445.88 diff Utot= 0.000000000216  diff Force= 0.000000001451
5 large2_example/Pt500.dat Elapsed time(s)= 2629.20  diff Utot= 0.000000015832  diff Force= 0.000000001879
6 large2_example/R-Ti02-1050.dat  Elapsed time(s)= 844.58 diff Utot= 0.000000002263  diff Force= 0.000000001108
7 large2_example/Sil000.dat Elapsed time(s)= 658.53 diff Utot= 0.000000000404  diff Force= 0.000000000908
Total elapsed time (s) 14464.69

The elapsed time implies that geometry optimization for systems consisting
of 1000 atoms is possible if several hundreds processor cores are available.

See also the page 114 in the manual.



Visualization

» Cube files such as *.tden.cube, *.sden.cube, *.dden.cube can be
visualized by many software such as

XCrySDen
VESTA

» Also*.md file is stored in xyz format which can be visualized by
XCrySDen and OpenMX Viewer.

On phi, XCrSDen is available.

» Data on DOS and band dispersion
can be visualized by gnuplot.




On the manual

The PDF file is available at

http://www.openmx-square.org/openmx_man3.9/openmx3.9.pdf

The manual is self-contained, the most of calculations
explained In the manual are traceable by using the
input file stored in the directory ‘work’.

Please try to perform those calculations one by one
depending on your interests.



