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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
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Development of OpenMX code
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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 1200 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).



Information of OpenMX

http://www.openmx-square.org/index.html « Source codes
« Manual (Eng./HZAKEE)
Welcome to OpenMX + OpenMX Forum

e Technical notes
e Publications
« Database of basis functions

Patch3.9.1 to OpenMX Ver 3.9 (Jan. 02, 2020) and pseudopotentials

+« What is OpenMX?
Download
Manual of Ver. 3.9

* What's new

Manual of Ver. 3.8 Gettlng stated with
Technical Not
V‘iec(l:etg1 Ilfeactu?ezs OpenMX. .o

Publications
OpenMX Forum
OpenMX Viewer
Workshop
Database of Results

D oty o PAQ « Use of preinstalled version

o Ver. 2019 for core excitations 1
ADPACK In Computer centers

 Miscellaneous informations

+ Contributors . .

« Acknowledgment o Use of MaterlApps Livel!
+ Opening positions

¢ Links

» Install by yourself




Let’s start a simple calculation

Perform a SCF calculation of methane molecule.

x

[ozaki®mx17 work]$ mpirun -np 4 ./openmx Methane.dat | tee met.std []

After finishing the calculation, several files are output as follows:

X ozaki@mx17:~/o0 penmx3.9/work

[ozaki@mx17 work]$ 1s met.x
met.cif met.ene met.md? met.std met. v(Q. cube met. xvz

met.dden.cube met.md met.out met.tden.cube met.vhart.cube
[ozaki®mx17 work]$ N




Input file of OpenMX

System.CurrrentDirectory A # defaulc=./

met (1) Specify a value after keyword

1 # default=1 (1-3)

i # defaulv=1 (0-2) (2) Arbitrary order of keywords
(3) # by comment

System. Name
level.of.stdout
lavel.of .filsout

#
# Definition of Atomic Species
#

Several keywords:

Species.Number

<Definition.of.Atomic.
H Hb.0-s1 H_PBEE13
C Cb.0-s1pl C
Definition.of.Atomic.Species>

System name: files will be saved with
the name

# of species in the system

#
¢ dvoms # of atoms Definition of species
Atons. lumber ° | ~— Unit of atomic coordinate
Atoms.SpeciesAndCoordinates.Unit  Ang # Ang|AU ] ]
<Atoms.SpeciesAndCoordinates o At0m|C Coord”’]ates

1 C 0. 000000 0.000000 0.000000 2.0 2.0

2 H -0.888881 -0.820312 0.000000 0.5 0.5

3 H 0.000000 0.629312 -0.889981 0.5 0.5 *— |nitial Occupation for up and down
4 H 0. 000000 0.620312 0.B880081 0.5 0.5

£ H 0.888881 -0.829312 0.000000 0.5 0.5 States Of eaCh atom

Atoms.SpeciesAndCoordinatess



Output files

After finishing the calculation of ‘Methane.dat’, 11 files and one
directory are generated.

met.

met.

met

met.
.md

.md2
met.

met

met

met.
met.
met.
met.

met_

std

out

.XYyZ

ene

cif
tden.cube
v0.cube
vhart.cube
dden. cube
rst/

standard output of the SCF calculation

input file and standard output

final geometrical structure

values computed at every MD step

geometrical structures at every MD step

geometrical structure of the final MD step

cif file of the initial structure for Material Studio
total electron density in the Gaussian cube format
Kohn-Sham potential in the Gaussian cube format
Hartree potential in the Gaussian cube format
difference electron density measured from atomic density

directory storing restart files



History of SCF

PRiddiiiiiiniiiiinnoiiibnniibnbniskbiiiosni ks sk

Contents of met.out

PRiddiiiiiiniiiiinnoiiibnniibnbniskbiiiosni ks sk

olF history at MD= 1

PRiddiiiiiiniiiiinnoiiibnniibnbniskbiiiosni ks sk

PRiddiiiiiiniiiiinnoiiibnniibnbniskbiiiosni ks sk

sCF=
sCF=
sCF=
aCF=
aCF=
aCF=
aCF=
aCF=
aCF=
aCF=
aCF=

— O O 00 -1 T3 0N e OO O3 —

NormRD=1.000000000000
NormRD=  0.567253683744
NormRD= 0.103433480729
NormRD=  0.024234980593
NormRD= 0.011006215697
NormRD=  0.006494145332
NormRD=  0.002722287527
NormRD= 0.000000672350
NormRD=  0.000000402414
NormRD= 0.0000003463448
NormRD= 0.000000515395

Uele= -3.523143658074
Uele= -4.405605131921
Uele= -3.982266241934
lele= -3.906896836134
lele= -3.893084558820
lele= -3.8090357113476
lele= -3.891669316209
lele= -3.8892851684733
lele= -3.889285102456
lele= -3.889285101128
lele= -3.589285101063

KS eigenvalues

EREEE S S REEESELESESSSIEETEEELES IS EE LTSS LSS IS EE S S LSS
EREEE IS LS A SIS IS LSS LIS SRS LIS SRR

Eigenvalues (Hartree) for SCF KS-eq.
AR R LR R R L LR RN R L R
R R R R R

Chemical Potential (Hartree)

Nunber of §
HOMO = 4
Eigenvalues

1
2
3
4
]
i
7
a8

tates

Up-spin
(1.698971805372248
0.41522646150479
0.41522645534084
0.41521772830844
0.21218282295348
0.21218282358344
0.21227055734372
(1.24742 493684297

0.00000000000000
.00000000000000

Dawn-spi

n

-0.69887190537228
-0.41522646150979
-0.41522645534034
-0.41521772830844
0.21218282298348
0.21218282350344
0.21227065734372
0.24742493684297

kbbb ook by

Total energy (Hartree) at MD =1
RS S S S5 S EEES S S Sttt s r R e s S e EE eSSy

Total energy

lele. -3.889285101063
Ukin. 5.533704016824
LJHD. -14.855520072374
UHT. 0.041385625260
Una. -5.040583803800
Unl. -0.134640933010
xcO. -1.5684720823137
el . -1.5684720823137
lcore. 9.551521413583
huk. 0.00000o000000
s, 0.000000000000
lzs. 0.000000000000
llzo. 0.000000000000
llef. 0.000000000000
[ 0.000000000000
tot . -8.033515406373
Mulliken population
RRRERRE R R R R R KRR R R KRR KRR KK
RRRERRE R R R R R KRR R R KRR KRR KK
Hulliken populations
RRRERRE R R R R R KRR R R KRR KRR KK
RRRERRE R R R R R KRR R R KRR KRR KK
Total spin § = 0.000000000000
Up spin Down spin Sum biff
1 G 2.509755704 2.509755704  5.019511408  0.000000000
2 H 0.372561088 0.372561098  0.745122197  0.000000000
3 H 0.372561019 0.372561019  0.745122038  0.000000000
4 H 0.372561127 0.372561127  0.745122254  0.000000000
5 H 0.372561061 0.372561051  0.745122102  0.000000000
Sum of MulP: up = 4.00000 down = 4.00000
total= 8.00000 ideal(neutral)= 8.00000



Standard output

MulP  0.2867 0.2867 sun  0.5733
93 iz 0o
MuP  0.387 0,287 sun 05733 By looking ‘met.std’ storing the standard
sum of MulP: up = 4.00000 down = 4.00000 .
total=  §.00000 ideal (neutral)=  8.00000 output, one can confirm how the SCF
<BE$; aotal Spin Egmegtoéggg%ggggg1000000000000
q ixing_weight= 0.
DFT> Uele = -4.381387140168 dlele 0. 188324995269 proceeds.
FT> NormRD =  0.541215648239 Criterion =  0.000000000100

erkkkokkkeiekx M= 1 S(F= 5<F**$*iiiiEEEEEEfffﬂi____________________
{Poisson> Poisson’s equation using FFT...
¢Set_Hamiltonian> Hamiltonian matrix for VNA+dVHxc. .. Steps of MD and SCF

{Cluster> Solving the eigenvalue problen...
C MulP  2.8340 2.8340 sum 5.6681
2 H MulP  0.2915 0.2915 sum 0.5830

SO0 WP 0915 00915 s 05830 < : '
I H NP 0B 091 sm 0.5830 Mulliken population of each atom
5 H WP 0.2915 0.2915 sun  0.5830

[ TERVE] g
fom e e e

Sum of MulP: up = 4.00000 down =
total= 8.00000 ideal (neutral)=

DFT> Total Spin Moment (muB) = 0.000000000000

DET>  Mixing_weight= 0.028087938921

DFT> Uele = -4.352426233354 dlele

DFT>  NormRD = 0.509921689438  Criterion

4.00000

§.00000 Difference between the current

0.038%0006814 «+———  and previous steps in the KS-
band energy

prpkkkkkkkkktiiikk M)= 1 S(F= 6 sk

Poisson> Poisson’s equation using FFT...
(Set_Hamiltonian> Hamiltonian matrix for VNA+dVH+Vxc...

{Clust Selving th | hlem. .. :
o ™ St DA B B bisg Norm of the difference between
CLR e the input and output electron
u ) ) sum )
LR e naities PR
u . . sum . 1+
Sum of MulP: up = 4.00000 down = 4. 00000 denSItIeS
total= £.00000 ideal (neutral)= 8.00000
DFT> Total Spin Moment (muB) = 0.000000000000
PFT> Mixing_weight= 0.028087938921
DFT> Uele = -3.886371199687 dlele
DFT>  NormRD = 0.004026023251 Criterion

0.466055033667
0000000000100 +——— Convergence criterion for SCF

weckooecoceooooek MD= 10 SCF= 7 sepeoccrkororook
{Poisson> Poisson’s equation using FFT..
Set_Hamiltonian> Hamiltonian matrix for YNA+dVH+Vxc. .
{Cluster> Solving the eigenvalue problen. .



Calculation of binding energy of a hydrogen molecule

Calculation of a hydrogen atom
X

[ozaki®mx17 work]$ mpirun -np 1 ./openmx H.dat | tee h.std []

You can download the input files from https://www.openmx-square.org/examples/H.dat

Calculation of a hydrogen molecule

X ozaki@mx1 7:~fopenmx3.9/work

[ozaki®mx17 work]$ mpirun —np 2 ./openmx H2.dat | tee h2.std §}

You can download the input files from https://www.openmx-square.org/examples/H2.dat

After finishing the two calculations, one has the following files.

X ozaki@mx17:~/openmx3.9/work —

(ozaki®mx17 work]$ 1s h.x

1.cif h.denQ.cube h.ene h.md2 h.sden.cube h.tden.cube h.vl.cube h.xvz
1.dden.cube h.denl.cube h.md h.out h.std h.v(.cube h.vhart. cube
[ozaki@mx17 work]$ 1s h2.*

12.Dos.val hZ.dden.cube h2. Tumo0_0_r.cube hZ2.out hZ2.v0.cube
12.Dos.vec  hZ2.ene hZ. md h2.std hZ.vhart.cube
2.cif h2.homoQ_0_r.cube h2.md2 h2.tden.cube h2.xvyz
(ozaki®mx17 work]$ |




Total energies from ‘h.out’ and ‘h2.out’

The total energies of the hydrogen atom and hydrogen molecule can be
obtained from ‘h.out’ and ‘h2.out’, respectively.

Hydrogen atom Utot. -0.499351255995

Hydrogen molecule Utot. -1.165981886187

Thus, the binding energy can be calculated as

Binding energy =2 H - H,
= 2X%X(-0.49935) — (-1.16598)
=0.1673 (Hartree)
=4.55 (eV)

Experimental value:
4.75 (eV)



Visualization of cube files by OpenMX Viewer

After the calculation of the hydrogen molecule, the cube files for HOMO
and LUMO are generated, which can be visualized by OpenMX Viewer
or VESTA.

h2.homoO_0 r.cube h2.lumo0_0 r.cube

Website of OpenMX Viewer: https://www.openmx-square.org/viewer/
Website of VESTA: https://jp-minerals.org/vesta/en



L CPAO method

(Linear-Combination of Pseudo Atomic Orbital Method)

One-particle KS orbital

IRH ; Z P{T;’L ?r}m?ﬂr — Ty — Rll)n
IS expressed by a linear combination of atomic like orbitals in the method.

o(r) = Y{" (D) R(r)

(% 'cr,u

Features:

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

« 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.)

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

« It well matches the idea of linear scaling methods.



Primitive pseudo-atomic orbitals

1. Solve an atomic Kohn-Sham eq.
under a confinement potential: 4.0F

r Z
—— forr=ry
-

3
Veore(7) =S Zﬂ b,r" forri<r=r,
n=

h for r.<r.

\

Pseudo potential (Hartree)
o
o
T

s-orbital of carbon

2. Construct the norm-conserving 5
pseudopotentials.

3. Solve ground and excited states for the
the peudopotential for each L-channel.

r(a.u.)

Ozaki, PRB 67, 155108 (2003).
Ozaki and Kino, PRB 69, 195113 (2004).

11.0
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o
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In most cases, the accuracy and efficiency can be controlled by

Cutoff radius

Number of orbitals



Convergence with respect to basis functions

The two parameters can be regarded as variational parameters.

e,
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Benchmark of primitive basis functions

Ground state calculations of dimer using primitive basis functions

Ars (ArT7.0-52p2)

[

IE"' (3pr: Ep*.'r"Epr:.r“J

Dimer Expt. Cale. Dimer Expt. Cale.
H, (Hi5s2) T5F @ InF (1so?) Ko (K10.0-52p2) T=F 7 InF (3pni3poZiso?)
He, (He7.0-52) Int b lz+ flscr%lscr ) CaQ (Ca7.0-s2p2d2) 1otk 1%+ (goao?prd)
Liz (Li8.0-52) 15t © IE"' f25.:r ) ScO (Se7.0-52p24d2) iyt b 2pt (drtacfacl)
BeO (Bef.0-s2p2) lutd IE+ {sgzsazpﬂij Tiz (Ti7.0-s2p2d2) A ™ A (4so73da) 3dTi3da))
B, (B5.5-82p2) DI (255§250§2W5) V, (V7.5-62p2d2) o 1 (45523.:{5;3@;{3[16;)
Cy (C5.0-52p2) el I 1n) (2e022s022pml) Vo (VIS-sdpdddf2) 5. ™ P (4o 3doz3dri3dss)
Nz (N5.0-22p2) 22 f '8} (2807 2pmi2pay)  Crz (Cr7.0-s2p2d2) tor e 18 (dsol3de;3dr i3ds] )
0, (05.0-52p2) T, f ST, (2p022p1¢32pﬂ§j MnO (Mn7.0-s2p2d2) °2te %+ (doldridiZdr?)
Fy (F5.0-52p2) 'uf £ tn} (2poz2prizprt)  Fey (FeT.0-s2p2d2) TALT TA, (dsor3do]3de, 3dm,3dr;3d;3d57 )
Ney (NeT.0-s2p2) Bt @ IE"' (2pr; 2p1'r"2pr:,r“; Cog (Co7.0-82p2d2) "A, (dseg3do] BdJIEd?Tde?FzdeiﬁdtS“j
Na, (Na0.0-s2p2) 'mf f IE+ (2pmi2prilsal)  Nip (NiT.0-s2p2d2) ar 3E; f45§23d023d523dﬂ43d?r Sdﬁ"ﬁdﬁ"
MgO (Mg7.0-s2p2) 'zt h 1yt (acr se;r”pw ) Cup (Cu7.0-s2p242) 'mr* 'zF r455%3da%3d523dw43dw43d6"Edu
Als (Al6.5-22p2) My * 5%y (3sri3sor3pmy)  ZnH (ZnT.0-s2p242)  *EF P 2DE (so® :scr*‘ld-:rzdw"déi‘l
Als (AlG.5-2dpdd2) 11, ° 32— lrESJ%S:iJ 3]'.7'1’I'“J GaH (GaT.0-s2p2) gt e 1yt {50355*‘2;1
Sip (S16.5-s2p2) n; 3Hu (3555350 3pm)  GeO (GeT7.0-52p2) gt £ et (gso?spo’pprippa?)
Sip (Si6.5-s2p2dl) *T_ f ST (355&317#53555} Asy (AsT.0-22p2d1) 'Th f 'oV (dsodsoldpoidpry)
Py (P6.0-e2p2d1) T f '8} (3s033poilpmy)  Sep (SeT.0-s2p2dl) 22 f ST fuiscrg-iscrzuipcrgipﬂ"épﬂ ]
Sy (56.0-s2p2) I B e (3pg§3pwj3pw§) Bry (Br7.0-s2p2d1) tyt f e} (4soZasoldpaiapridpr])
Clz (C16.0-82p2d2) 12% : 'S (3poi3pmispmy)  Kra (Kr7.0-s2p2) oy 1mf f45§245524p024p524p?r dpmy)
>
g

Ozaki and Kino, PRB 69, 195113 (2004).

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
=D Coit (1) b (1) =D 8iug 2, (1)
o4 q
The variation of E with respect to ¢ with fixed a gives

OBy, l0C,, =0 — %Ma H ‘¢m>cﬂ,m :‘%%Wm |¢m>cu,jﬂ

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

tot _ J’ 5Etot 510 )
) Sa,,,

= 2[Z®ia,jﬂ <Zin
15

B (119

Ozaki, PRB 67, 155108 (2003).



Total Energy (Hartree)

Primitive vs. Optimized

Energy convergence Radial shape in carbon atom
-7.75 — .
C H T [ T T T T T
7.80 | 20 | odl - s-orbital
—®—  Primitive : SL &2 \\
-7.85 | Optimized
I — Primitive 1
-7.90 + | 04 O\ Optimized (CoHg)
0 ° _ i — — Optimized (C5Fg) |
_7-95 L | | I | I | I | %
0 10 20 30 40 S I
I | I | I I I T T I % OG : : : :
-154.3 + > 194 _
— CoFe s AN p-orbital
-154.4 ¢ T [\
- —®—  Primitive T sl O\
1945 i Optimized « j o\ —— Primitive |
. T~ O Optimized (C,H;)
1546 0.4k — — Optimized (C,F;) -
-154.7 ¢ |
40 80 120 160 200 240 280 320 04 - - D= -
0 2.0 4.0 6.0
Number of Bases r (a.u)

Fluorine atoms pull electrons out of the p orbitals of carbon atoms.
So, the p orbital of the carbon atom is largely localized.



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 (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/PAO/, respectively.
The delta gauge of OpenMX with the database (2019) is found at here.

Guideline for choice of PAOs

H See also the pages 51-60 in the tutorial material He
Li Be B C N O E Ne
Na Mg Al Si P S C Ar
K Ca Ssc Ii ¥V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb Sr ¥ Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Cs Ba L Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
Frr Ra A

L La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

A- Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

http://www.openmx-square.org/



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
- - energy

ZiZy
E B ] Core-core Coulomb energy
—
= TO and H.Kino, PRB 72, 045121 (2005)

1
Ecc - -
2




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

. 142
ﬂ-":a.'g[k] = ( .)_1_) f d?'ztﬁiﬂtrjc_lk'r
Woadl

= L
= ( ) f{i? Vi T Rpylr I{-—L-‘Tz Z I:—i:|LjLI:E:?‘:I}L_.-|,f|:kjl}f_ltf|:i‘:|} \
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5]

e L
) TZ Z —i) }m.k.[dﬁ 2 Roa(r)ji(kr) f[ﬂﬁ'dmalnilﬁ'lhmf )Yy (7),

I, —

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

lap int | performed. Thus, we only have to
€.0., Overlap Integra perform one-dimensional integrals along
(Dia(r)|Bia(r — 7)) = / dr3 ¢k, (v) g — 7)., the radial direction.

1 33 L N8 N -
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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
-&‘::111. = Egbl ’ gb] ’ L::m. = ;gbi : Ebzu JE"n::ut = Egbii ’ gb.".-.
LA _m o
g 1 - \ | g 2 = |'\'T2 1 g 3 r\h
ga, X ga, ga; X ga, ga; x gas
b & by = 29 b, =2

AV = ga,(ga, X gay),



Forces

Y ORy
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See the left

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



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



Algorithmic structure of KS eq.

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

v

|
A A 1
H b =& HKS:_EVZ_I_Veff

0CC

p(0) =24 (0 (1)

VZVHartree (r) = _472-10(r)

SE
V(r)=v_(r)+V r+ —=
elff( ) ext( ) Hartree( ) 5,0([')

Input charge = Output charge — Self-consistent condition




Self-consistency: Simple charge mixing

The KS effective potential is constructed from p.
However, p is evaluated from eigenfunctions 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

e I
10° o teeen, (a)
ol ..,»nla
RS .."‘.'..
P *tesesseses
5| A B
0 . RMM-DIIS S SgEr
10— GR-Pulay £ e
—— Kerker
Jo-2 —— RMM-DIISK o .
—— RMM-DIISV Sialic acid
10-'*} —— RMM-DIISH |
0 10 20 30 40 50
Number of SCF iterations
T T T
100 .......... (b)
10°F
—s— Simple =
_B_ ft) )
10 —— BMM-DIIS hr‘su.':‘ h‘- '-"0.5'5.':':‘9‘\‘;,“._"1:3:’-'-'e-,""‘“l?;?:-.‘ Ty
_g| —— GR-Pulay N Ty SR
10T+ Kerker P 43"‘;
—— RMM-DIISK
102t
MM DIISY Pt,; cluster
10715 —— BMM-DIISH
1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 a0 100
Number of SCF iterations
T T T
1077 (c) ..
100 o O D |
J“.-.: -.-‘,._w\;;- ;_,_;.- paet
10°F _— RMM_DIIS "% Rl Vg, angnn |
. GR—PuIay K x.\s__‘sr.?-'u,." -4 x 3 u.'.-;,e
107°6F —— Kerker O R PR A
—— RMM-DIISK
40l —— RMM-DIISV Pt63 cluster
—— RMM-DIISH

Mixing methods

1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

MNumber of SCF iterations

100

Available mixing methods:

Simple mixing (Simple)

Residual minimization method in the direct inversion
iterative subspace (RMM-DIIS)

Guaranteed reduction Pulay method (GR-Pulay)
Kerker mixing (Kerker)

RMM-DIIS with Kerker metric (RMM-DIISK)
RMM-DIIS for Kohn-Sham potential (RMM-DIISV)

RMM-DIIS for Hamiltonian (RMM-DIISH)

Recommendation:
RMM-DIISK or RMM-DIISV

For DFT+U and constrained methods
RMM-DIISH

See also the manual at

https://www.openmx-square.org/openmx_man3.9/node40.html



Specification of PAO and VPS

PAO and VPS are specified by the following keyword:

<Definition. of. Atomic. Species
0 07.0-s2p2dl 0 PBE19

H H/. 0-s2pl H_PBE19
Definition. of. Atomic. Species>

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_PBE13.vps is specified by
DATA.PATH  ../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://www.openmx-square.org/vps_pao2019/H/index.html https://www.openmx-square.org/vps_pao2019/0/index.html

B R R R R R R R R R B R R R R R R RN R R R R

Eizen values(Hartree) of pseudo atomic orhitals Eigen values(Hartree) of pseudo atomic orhitals
B R R R R R e e e e e e et e T T ts T eTts
Eigenvalues H70pa0 Eigenvalues O70pa0 1
Lnax= 3 Mul=15 4 Lmax= 3 Mul=15 ¥

[ mu 0O 0O -0.23595211033442 [ mu 0 0O -0.87913976280231

[ mu 0O 1 D.141DESBEEE1BE?‘§ [ mu 0O 1 0.0BB090B1901229

[ mu 0O 2 0.61751730037441 [ mu 0 2 0.527092758R5941

[ mu 0O 3 1.318906715598573 ES [ mu 0O 3 1.24595140722317

[ mu 0O 4 2.24052785608302 [ mu 0 4 2.21829552402723

[ mu 0O & 3.37954791544651 [ mu 0 5§ 3.41945488859267

[ mu 0O B 4.734885696825610 l mu 0 B 4. 845096070537 49

[ mu 0O 7 B.30808874470710 [ mu 0O 7 E.4882509071 42865

[ mu 0O 8 g.049282718517299 [ mu 0 8 8.342071345316001

[ mu 0O 9 10.09484035732420 [ mu 0 9 10.39973244132142

[ mu 010 12.31085267019158 [ mu 010 12.B65137E4555926

[ mu 0O 11 14.7405751 4485273 [ mu 0 11 15.10428688136954

[ mu 012 17.382775457 42691 [ mu 012 17.746770303R2947

[ mu 013 20.23K45090753857 ES [ mu 013 20.58633940582633 ;2

[ mu 014 25.30073926597544 [ mu 014 23.6295 7122674031

[ mu 1 0 0.109145534890485 [ mu 1 0O -0.33075182895384

[ mu 1 1 0.47776040452236 [ mu 1 1 0.16376499567753

[ mu 1 2 1.05988650453686 [ mu 1 2 0.54129274854838

[ mu 1 3 1.88261331124931 [ mu 1 3 1.355895471521821

[ mu 1 4 2.91175885838054 [ mu 1 4 2.3157769741 14380

[ mu 1 & 4.15601184739448 [ mu 1 & 3.00052618373026

[ mu 1 B 5.61454131060210 [ mu 1 B 4.91841590421 346

[ mu 1 7 7. 2EEB1YIRZ9E307 [ mu 1 7 £.06439793348396

[ mu 1 8 9.17254361 476158 [ mu 1 8 8.43634105410091

[ mu 1 9 11.27156YER390586 [ mu 1 9 10.52733540479795

[ mu 110 13.583815345695800 [ mu 1 10 12.83276589730839

[ mu 1 11 16.10821637 499560 [ mu 1 11 15.348801 71573570

[ mu 112 18.847E75R0575107 [ mu 112 18.0741 4632417004

[ mu 113 21.7990211002 4635 [ mu 1 13 21.01M 310934429 E;

[ mu 1 14 24.96300480798286 [ mu 1 14 24.1593360716EAER

[ mu 2 0 0.27851528500170 [ mu 2 0 0.26162848257116

[ mu 2 1 0.76970400953453 [ mu 2 1 0.707052474368937

[ mu 2 2 1.4757681 4457054 [ muy 2 2 1.3471 4706672243

[ mu 2 3 2.39881523730167 [ mu 2 3 2.18739459356269

om0 A 0 ROT1O0ARAATIEA [ mu 2 4 3.26511589658328

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

mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu
mu

[l il il et Y i )l e e el e T e ) el e T e e e e e B e e e e e e e e e e e e e e e |

—_— —_

—_——
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[=F—)-rX—Ep

PP — — e
PO S S T [T S R DT — D0 o T e D S D D e — OO0 O] S — 00 O O S0 D —

CJAA320368623145
JTBR4247260872
LATIhERR461703
L39915528592393
LAM0GT03303063
LB3499804739274
LA388R012002733
Ch48R7HI47R097
La3041526308320
L240554619339333
CAhB1a0ha1232040
LHR3EA7TTRET0R
LG201447357 1136
LATINTTARAT2ENT
LAAz24h30a07 3866
L21460012122101 2
L2RITRANTARAR]
LTR3T3R0083T0
LAA438637335006
3211686526004
LHARETI242 30366
LA1246180826168
.23503733702661
LH9454075291723
LNBOZ 102380762
LA2B92005225443
L0h86T400B6TIE2E
LB02723R3142245
LAhB9484363537 1
LT2E0232390 4447
L1886411507 4821
.2h8935 14396065
LH4629318704602
LTRZ20176REA4333
1418723624338
L 10BBRN12645361
LBABETATIETRON
L3952 2693820433
LATEZE098351867
JRZ2TAITTE4R02
LIBBZ05EBE50630
LAABR1B12641581
LAZZIRETS158659
LATA0E031363278
LTaR3BETE482773
L2A3RRTEATRTR4R
LTa032836 114060
A233206R30872R
(5253726 1436132

1
4
8

5

3
-

6

Orbitals with lower eigenvalues in Si7.0.pao are taken into
account step by step as the quality of basis set is improved.

-4.07

|
-
=
co

|
-
=
o

Total energy (Hatree/atom)

-4.1

-4.11

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.).

2.4

Lattice constant (Ang.)

2.6

2.8



Energy (eV)

do =~ @ h A d oy S o = no oW &t ooy = @O

LN oLn
LI M = O WD

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.

8 8.0
Y % 1 7k 7.0 v
L 4 =8l 1 6.0 3
- 4 5§ 4 5.0
- 4 4 o 4.0 3
2 1 s 1 30 3
i 1 2f {1 204
- 4 1F 41 1.0 5
s 1 of 4 00 3
- 41 dF 4 -1.0 4
/ 1 2f 1 207 /
o 1 sf 1 303
\< 4 f \4 40 3 \<

- 4 5F 4 -50 3
- 4 6F 1 6.0 S
- . TJLE n g0 3
C e I OpenMX L a0 X Wienk -
o 1 of Si7.0-43p3d2f1 1 90 E\
K 4 10f 4 -1004
- 4 1k \ 1 -11.04 \

4 12 1 -12.0

1 13 -13.0
w L G X woK W L G X WK W L A T A XZ WK

While the convergent result is achieved by use of Si7.0-s3p2d2f1(Si7.0-
s3p3d2f1), Si7.0-s2p2d1 is a balanced basis functions compromising accuracy
and efficiency to perform a vast range of materials exploration.



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://www.openmx-square.org/vps_pao2019/0O/index.html

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




Recommendation of choices for PAO

See https://www.openmx-square.org/openmx_man3.9/node27.html

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




Structure of a molecule

# of atoms
Atoms.Number 5 / . Unit of atomic coordinate

Atoms.SpeciesAndCoordinates.Unit  Ang # Ang|AU|FRAC
<Atoms.SpeciesAndCoordinates
1 C 0.000000 0.000000 0.000000 |2.020 |*—

2 H -0.889981 -0.629312 0.000000 | 0.5 0.5 | Initial occupation for up and
3 H 0.000000 0.629312 -0.889981 | 0.5 0.5 down states of each atom.

4 H 0000000 0629312 0.889981 |05 0.5 | See also the manual;
5H 0.889981 -0.629312 0.000000 0.5 0.5https://Www.openmx-square.org/openmx_man3.9/node27.htmI

Atoms.SpeciesAndCoordinates> —

Atomic coordinates

Atoms.UnitVectors.Unit Ang # Ang|AU
<Atoms.Unit\ectors
10.0 0.0 0.0 Unit of unit vectors
0.0 10.0 0.0
0.0 0.0 10.0 N Unit vectors
Atoms.UnitVectors> a1l
a2

a3




Structure of a bulk

P of atoms
Atoms.Number 2

Atoms.SpeciesAndCoordinates.Unit FRAC
<Atoms.SpeciesAndCoordinates

1 Si 0.7500000 0.7500000 0.7500000 | 2.0 2.0| Initial occupation for up
2 Si 0.5000000 0.5000000 0.5000000 | 2.0 2.0| anddown states of each

. Unit of atomic coordinate

Atoms.SpeciesAndCoordinates> ™ _ atom. See also the
Atomic coordinates manual;

AtOmS UnitVECtorS Unlt Ang https://www.openmx-square.org/openmx_man3.9/node27.html

<Atoms.Unit\Vectors ™~

3.8669746 0.0000000 0.0000000  Unitof unit vectors
1.9334873 3.3488983 0.0000000
1.9334873 1.1162994 3.1573716

Atoms.UnitVectors> \
Unit vectors

al
a2
a3




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  -8.032633125017 i

- 200 —-8.032757934831

be used cases such as use > 0 e 300 _8 032868310857
i i —OfT 400 —-8.032889912070 ]

of pseudo_potentlals with 2 500 o 092889566724
deep semi-core states. o 1 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



Geometry optimization

To quantitatively investigate structural, physical, and chemical properties of
molecules and solids, it would be important to obtain optimized structures.

Steepest decent (SD) method

The structure is changed along the steepest decent step by step.

1 =

(o

It may not be so efficient.



Geometry optimization by the SD method

Let us change the x-coordinate of carbon Optimization process
atom in a methane molecule to 0.3 A as

(a)

Methane molecule

—
(-
o
IIIIII

<Atoms.SpeciesAndCoordinates
1 C 0.300000 0.000000 0.000000 2.02.0
2 H -0.889981 -0.629312 0.000000 0.5 0.5
3 H 0.000000 0.629312 -0.889981 0.5 0.5
4 H 0.000000 0.629312 0.889981 0.5 0.5
5 H 0.889981 -0.629312 0.000000 0.5 0.5
Atoms.SpeciesAndCoordinates>

Using “Methane2.dat” in the directory
“work”, you can trace the calculation.

Initial structure Final structure

“ —p

k;u& C 05 10 15 20 25

Number of Geomergy Optimization Steps

—
S
I
I

Norm of Maximum Force (Hartree/Bohr)




Relevant output files for the geometry optimization

In met2.out, the history of By dragging and dropping met2.md to
optimization can be confirmed. OpenMX Viewer, the optimization
process can be easily visualized.

EREE LSS S I RS LIS EE LSS SR EEEEEEEEEELLEEE SRR

History of geometry optimization
GRS HH KR S S KSR SR KK SRS KSR R AR KR Ao

openmx-square.org/viewer/inde %

HMO_iter  SD_scaling |Maximum forcel Maximum step Utot
(Hartree/Bohr) (Ang) (Hartree)

1 1.25981733 0.40873710 0.10583545 -5.09571722

2 1.25981733 0.12000148 0.08000039 -8.16523842

3 1.25981733 0.06115237 0.04076524 -5.18400222

4 1.25981733 0.01811189 0.01207460 -5.18831175

5 3.14954331 0.01076505 0.01794175 -5.18898468

6 3.14954331 0.00576811 0.00961351 -5.18980330

7 3.14954331 0.00355034 0.00591724 -8.13010991

8 3.14954331 0.00255760 0.00426266 -5.19022887

9 7.87385828 0.00218904 0.00912039 -8.19027446

10 7.87385828 0.00863395 0.03597478 -5.19023586

11 1.57477166 0.04692534 0.03910435 -5.18816953

12 1.57477166 0.01357319 0.01131039 -5.19012703

13 3.93692914 0.00406864 0.00847634 -5.19029047

14 3.93692914 0.00915707 0.01907723 -%.19022710

15 0.78738583 0.02067017 0.00861257 -5.18990108

16 0.78738583 0.00721609 0.00300671 -5.19025699

17 1.96846457 0.00255359 0.00265339 -5.13030094

18 1.96846457 0.00163789 0.00170613 -5.13030460 Structural Change

19 1.96846457 0.00105501 0.00109837 -5.19030613 time= 0.000 () Energy= -8.09572 (Hartree)
20 1.96846457 0.00068667 0.00071528 -8.19030671 Exame 1/=8

21 4.92116143 0.00044434 0.00115713 -5.19030697 Fist << < Stop > >> Last
22 4.92116143 0.00138402 0.00360421 -8.19030537 S p—— nwymh
232 0.98423229 0.00427346 0.00222576 -5.19028994 o T ;’::;lﬂ:"
24 0.98423229 0.00078570 0.00040922 -5.19030656

25 Z.46053071 0.00013628 0.00017745% —5.19030709 Supercell X xmA(oms rendering v iR N\nnberS_vmbol BGC Atom Size Bond Thickness Bond Factor
26 Z.46058071 0.00014411 0.00018765 -5.19030714 C’é“sﬁ"ﬂfsagngfg‘gm Zoi‘f_j‘f‘s‘c‘:Tm?ﬁ:f’jﬁﬂ.yﬁj;?ﬁﬁ:ﬁdgﬁfmm o)’;‘;;:;-vwmmkmnv Rownzm
27 0.49211614 0.00015118 0.00003937 -5.190320709

28 0.49211614 0.00008899 0.00002317 -5.13030713



Geometry optimization by Newton-type methods

By Taylor-expanding, we have

3N ¢ 3N 02
oF ) 1 o FE 0 0
E = E,+ Z (—ii’:r.-)n (2; — :::5”) +5 > (E:?:r-{’}rj) (x; — :1:5 ])[;1:‘.;- — .-1:";- N,
i S0 = I:_:J: <1 -.‘ ﬂ

The derivative of the total energy w.r.t. coordinates leads to

N

OE OE 02F 0
= (_) > grear; | Fi T
0 i 0

dxy, dry

|: - E ] ( a9 K } .. - {0 ﬁ
aE 0 T Are '.r:|:|:' 1 ] br _17;_‘ T (l {.I 1 .]LE_ ] ] dry 0
— — i D) s . o _ ak
— lZ:'J":r:Et?'.r:L ]l] r:l'.i'.l'!ﬂ.l'E }U I[.J' 2~ '1'2 ] - e 0 )

oz,

HAx = —g,

By solving the Eqg. for Ax, we have
k(1) = x(m) _ (fm)y=1g(n).

If the Hessian matrix H can be computed, the method is efficient.
However, it may be difficult to evaluate H in general.



Geometry optimization by Newton-type methods

The geometry optimization in OpenMX is based on quasi Newton
methods. In Ver. 3.9, the following four methods are available.

. A e —1
hew = I'pis + AT Ar = —H “gprs
Methods of calculating approximate Hessian matrix H
DIIS BFGS RF(rational function) EF(eigenvector following)

H=| BEGS BFGS+RF BFGS plus monitoring
of eigenvalues of H

Broyden-Fletcher-Goldfarb-Shanno (BFGS) method

Agr)(Agi|  [HipAry) (ArpHy

Hy=Hp 1+
(Agy|Ary,) (Ary|Hi|Ary)

If the inner product in the red box is positive, the positive definiteness of H is guaranteed.



Approximate initial Hessian by Schlegel

Schlegel proposed a way of constructing an A
approximate Hessian. A force constant for every pair F —

of elements is fitted to the following formula, where (r _ B)3
dataset were constructed by B3LYP calculations.

H.B. Schlegel, Theoret. Chim. Acta (Berl.) 66, 333
(1984); J.M. Wittbrodt and H.B. Schlegel, J. Mol. Struc.

(Theochem) 398-399, 55 (1997).
Parameter B for Badger's rule computed at the B3LYP level of theory

Period 1H 2 Li-F 3 Na-Cl 4 K-Br 5 Rb-1 6 Cs-At
1 - (L2573 0.3401 0.6937 0.7126 (18335 0.9491]
2 0.9652 1.2843 1.4725 1.6549 1.7190
3 1.6925 1.8238 2.1164 2.3185
4 2.0203 2.2137 2.5206
5 2.3718 25110

Suppose the total energy is given by the sum of pairwise potentials. Then, the derivatives
lead to the following relation:

v=>¥|¥¥ta+r-nh | H = BF

2i Rn

where B is the B-matrix of Wilson, H is the approximate Hessian in Cartesian coordinate.



Number of optimization steps required for 10 hartree/bohr

Comparison of four methods

Molecules
200 : :
B EF
160r  mEM BFGs
RF
DlIS
120}

i ‘ _|

80r
40t |
0

Methane Glycine

CED

Sialic  Water Nitro CgHg
acid dimer

200

160}

120}

80t

40r

Bulks

B cF
B crFGS
RF

DIIS

Si;C Diamond
surface

BoCe: TiO, V.0 NaCl

« The benchmark calculations imply that the EF and RF work well.
« Large molecules with structural large freedom are hard to get convergence.

The input file and output files for the benchmark calculations are available

In openmx3.9/work/geoopt_example".




Keywords relevant to geometry optimization

MD.Type EF # Opt|DIIS|BFGS|RF|EF
MD.Opt.DIIS.History 3 # default=3

MD.Opt.StartDIIS 5 # default=5

MD.Opt.EveryDIIS 200 # default=200

MD.maxIter 100 # default=1

MD.Opt.criterion 1.0e-4  # default=0.0003 (Hartree/Bohr)

The behavior of the quasi Newton methods can be controlled by the following two
keywords:

MD.Opt.DIIS.History 3 # default=3
MD.Opt.StartDIIS 5 # default=5

The keyword 'MD.Opt.DIIS.History' gives the number of previous steps to estimate the
optimized structure used in the geometry optimization by 'DIIS', 'EF', and 'RF'. The
default value is 3.

The geometry optimization step at which 'DIIS', 'EF', or 'RF' starts is specified by the
keyword '‘MD.Opt.StartDI1S'. The geometry optimization steps before starting the
DI11S-type method is performed by the steepest decent method. The default value is 5.

https://www.openmx-square.org/openmx_man3.9/node47.html



ML
MO
ML
MO
ML
MO
ML

Variable cell optimization

Let us start optimization of diamond lattice with a displacement as

it ams Humber Z

Btoms.SpeciesfndCoordinates.Unit  frac # Ang|al

<htoms.opeciesfindCoardinates

I ¢ 0.10000000000000  O.00000000000000
2 G 0.Z000000000000 O.25000000000000

fitoms . SpecieshndCoordinat es»

ftoms.UnitVectors.Unit fng # Angl Al

<htoms.UnitYectars
1.6400 1.6400 0.0000
1.6400 0.0000 1.6400
0.0000 1.6400 1.6400

fitoms.UnitVectors>

Relevant keywords:

.Type EFCS
LOpt . DIIS.History 3
Lpt.5tartDIIS 7
Lpt .EveryDIIS 100000
.maxlter 100
Timestep 1.0
dpt.criterion 0.0002

Maximum Gradient (Hartree/Bohr)

1e-05
0

-0.05000000000000
0.25000000000000

=2 -2
= =

01}

001}

0.001}

0.0001 |

History of optimization

4 6 8 10 12

Optimization Step

The calculation can be traced by “Cdia-RF5.dat” in work/cellopt_example.

Please see also the page 74 in the manual.
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Mumber of Systems

40

35

£

29

20

15

10

Benchmark calculations of RFC5

performed by Mr. Miyata, Ph.D student in JAIST, as computational
screening in searching good thermoelectric materials

L gA/»t”“}/L{t%/»z’“Z,»]
aﬁ EANAl

/”\,* /”\,*
\ \/\ \e/‘\ c

The optimization criterion: 104 Hartree/bohr

The histogram shows the number of systems among
785 systems as a function of the number of iterations
to achieve the convergence

For 785 crystals (mostly sulfides) , the full optimization by RFC5 were

oo 10 200 30 40 bBo bR F0D 30 30 100 110 120 130 140 150 160 170 180 130 200

Mumber of Iterations

210



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 manual at

https://www.openmx-square.org/openmx_man3.9/node44.html



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 manual: https://www.openmx-square.org/openmx_man3.9/node218.html



