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Naniwa formulation
from total Hamiltonian
(ab initio)



Hamiltonian

H =sz:(— 27;[\; ]Vf+ii(— n” ij +V(r,R)

= 2m,

m,, M, | masses of electron and nucleus 7/

N,, N,. : numbers of electron and nucleus

Interactions
Ne Ny _Z eZ Ne i-1 eZ Ny 1-1 Z Z eZ
V(r,R)= =4 St
(rR) lelz;‘ri_R|‘ ;;‘ﬂ—ﬁ‘ IZ;JZ;‘RJ RI‘

Z;* atomic number of nucleus /

€ :elementary charge

Particle position vectors
r :(rl’r2’r3’...’ri’...rne)
R=(R,R,, Ry, Ry, Ry ) 3(n, + N )

nc.



Schrodinger equation
HY(r,R)=E¥%¥(r,R)

Born-Oppenheimer approximation

g
5Un,a)(r’ R) — Wn;R (r) ) ¢a);n (R)

W oR (r) :the nth electron wave function
in the case of the fixed nucleus position £.

¢a);n (R) : the Wth nucleus motion wave function
1n the case of the electron state n.



Equation for elegtron state:
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Equation for nuc.leus motion:
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Equation for eIec‘tron state:

i=1 e

|:nze(_ th ]V? +V(r, R):| l//n;R(r) :Un(R) Wn;R(r) e (*)

For fixed R, we can obtain the eigen energies, U,(R) ,
and eigenstates, v,.(r) with the aid of the conventional
first principles (electron states) calculation.

The eigenenergies, U_(R), as a function of R can be
consider as the adiabatic potential energy surface for
nucleus motion.



Equation for nuc.leus motion:

N hz ,
|: Z[_ oM jVI +Un(R):| ¢w;n(R) = Ew’n¢w;n(R) e (¥¥)

=1 I

The eigen energy, E__, corresponds to the total energy, E, appeared

w,n?

in the Schrodinger equation for total system: H®¥(r,R)=E¥(r,R)

guantum numbers

w - index of quantum state for nucleus motion

n :index of quantum state for electron system



Equation for elegtron state:

{i(— " jV?+V(r’R)} v, (r) U, (R)w, < (r) cen ()

i—1 2m

e

Equation for nuc‘leus motion:
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Potential energy
for nucleus motions: U n (R)
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Example of U_(R): Potential energy for hydrogen nucleus motien
U,(R), R, =(X,Y;,2,) Single hydrogen atom near Pd(111) surface

g X (4]
O'/Vgg 8 % g
00op@e O ©
e §Fe” " © S g % 8
<H

Pd surface atom

Pd 2" |ayer atom

Pd 3rd layer atom

contour surface plots
adiabatic potential energy surface for nucleus motion.



Example of U _(R): Potential energy for hydrogen nucleus motion

Single hydrogen atom near Pd(111) surface

i Rl — (X1’ Yis 21) » Uo(Rl),




Example of U _(R): Potential energy for hydrogen nucleus motion

Single hydrogen atom near Pd(111) surface

R =(%,¥,2) B) U(R),
R, = (%1 ¥2,2.) B Uy(Ry),
R, = (43, 3.23) B Uo(Ry).
R, = (%, Yar2)) B Uo(R),




Example of U _(R): Potential energy for hydrogen nucleus motion

Single hydrogen atom near Pd(111) surface

Rl — (X1’ Yis 21) » Uo(Rl),

}'[Alwg X [4)
Gy, R U
SR

’R3:(X3’Y3’Z3) »Uo(Rg),
R4:(X41Y4’Z4) »UO(R4)1




Example of U _(R): Potential energy for hydrogen nucleus motion

Single hydrogen atom near Pd(111) surface

R =(%,¥,2) B) U(R),
R, = (%1 ¥2,2.) B Uy(Ry),
R, = (43, 3.23) B Uo(Ry).
Ry = (% Yarzs) B U(R,)




Example of U _(R): Potential energy for hydrogen nucleus motion

Single hydrogen atom near Pd(111) surface

3-dimensional potential
energy for hydrogen
nucleus motion

U, (R),

Function of R




Example of U _(R): Potential energy for hydrogen nucleus mo‘1
U,(R,), R, =(X,V;,2,) Single hydrogen atom near Pd(111) surface

0.6
0.8
-1.0
1.2
-1.4 L
1.6 1§
A — Pd surface atom

20

i - d
22 | Pd 2" layer atom

24 -
26 i

- Pd 3rd layer atom

28 }
3.0

contour surface plots
. . . . 17
adiabatic potential energy surface for nucleus motion.



Important reminder for making potential energy surface

In the case of translation symmetry Host material atoms




Important reminder for making potential energy surface

In the case of translation symmetry Host material atoms




Important reminder for making potential energy surface

In the case of translation symmetry Host material atoms
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Important reminder for making potential energy surface

In the case of translation symmetry Primitive cell = unit cell  Host material atoms




Important reminder for making potential energy surface

In the case of translation symmetry Primitive cell = unit cell  Host material atoms




Important reminder for making notential energy surface

Super cell=Unit cell .
In the case of translation symmetry >> Primitive cell Host material atoms
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Important reminder for making potential energy surface

In the case of translation symmetry Super cell = Unit cell Host material atoms
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Important reminder for making potential energy surface

J, Calculate area

Besssio®
s (s
e
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Y

Number of calculating point - enough large



Important reminder for making potential energy surface

Jd, Calculate area

F:::::?a U,(X)

s RETR A

A

Shrrdss (

Number of calculating point A

UO(Xi) <

o
v ¢
enough large number N

to satisfy the following needs

>V

® All extremums (maximals and minimals) have to be reproduced.
O Potential energy curves have to be smoothly connected



Important reminder for making potential energy surface

In the case of SOlId Su rface

Long Super cell = Unit cell

Host material atoms
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Important reminder for making potential energy surface

In the case of Solid Surface Long Super cell = Unit cell Host material atoms
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D Solid Surface

Vacuum area

J, Solid Surface
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Important reminder for making potential energy surface

In the case of Solid Surface

Long Super cell = Unit cell

Host material atoms
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Example of U _(R): Potential energy for hydrogen nucleus mo‘1
U,(R,), R, =(X,V;,2,) Single hydrogen atom near Pd(111) surface

0.6
0.8
-1.0
1.2
-1.4 L
1.6 1§
A — Pd surface atom

20

i - d
22 | Pd 2" layer atom

24 -
26 i

- Pd 3rd layer atom

28 }
3.0

contour surface plots
. . . . 30
adiabatic potential energy surface for nucleus motion.



Next we solve the equation (**)
for a hydrogen atom motion
under given potential, Uy(x,y,2).

h’ o> 0% o
_ + + +U,(X,Y,2Z (X, VY,2)=E (X, V,Z
|: 2|leydrogen (5)(2 8y2 Ozzj 0( y ):|¢a)0( y ) ®,0 a”O( y )
(**)

(X,Y,2) : Hydrogen atom position

31




Difference in interaction potential with host

for electron state:

« Attractive potential from host nucleus *
* Near surface, attractive potential into bulk side

for nucleus state:

* Repulsive potential from host nucleus
« Near surface, attractive potential into bulk side

Scale length is same in potential for electron and for nucleus

for electron ~ for nucleus
. 5 » »
> >




Difference in kinetic energy

for electron state:
[[— n” ][ 822 + (22 + 822 ]+V(r,R)
2m, \ 0% 0%y, 0z 7
Mass ratio: = L =200,2000~5000
for nucleus state: m,

h? ¢ o8 & h? o° 0 & :
— o+ o+ = |t U(R =|| - o+ oo+ |[+U(R
2M, \ &°X, 0%, 0%z, 2(r)m) N °x,  o%, oz,

hydrogen

\/;XI :él'\/;Yl :77|’\/;Z| :fw\/;R:p

[ K2 J( 52 52 2 ] P variable transformation for particle position
i +U (+)
2m,

+ +
0%, om0

Effective scale length is expanded.
<€ >

Very short de Broglie wave length



Difference in kinetic energy

for electron state:

w\ o &
K_ 2m ][82x. Ty, 52z.j+v(r’

for nucleu

H_ 7’ ]( * Plane wave is unsuitable as basis
2

_|_
M, | 8°X, &%

)

function describing the wave
function of nucleus

Effective scale length is expanded.
<€ >

y =200~5000

Very short de Broglie wave length



For describing the nucleus state.

Dividing up space into small areas,
localized function at each area can be suitable as basis function.

¢w;n(R)

/

Rectangular function




N
linear combination of basis functions: @ (X, Y,z) = ch,sz(X’ Y,2)
1

Variation method

Z[HM' — Ewsw ]Ca),e =0

gl
H, =K, +U,
+oo hZ 82 82 82
K, = G,(XVY,2) — + + G, (X, Y, z)dxdydz
e e oty | Y
U, = j f:Gg (X, Y, Z)Uo(X1 Y, Z)Gz'(x’ y, z)dxdydz
S,, = f f:Gg(x, Y,2) G, (X, Y, z)dxdydz
Secular equation Ng x Ng Ng: number of basis functions
H11_E S11 H12_E S12 HlNG -E SlNG
H21_E521 sz_Eszz HZNG_ESZNG _0
HNGl_ESNGl HNGZ_ESNGZ HNGNG_ESNGNG




For describing the nucleus state.

Rectangular
function

Gauss
function

K/e/g’

Approximate
calculation

U,,

Diagonal

S,

Analytically-
integrated

analytically-
integrated

\

Numerically-
integrated

Diagonal

Analytically-
integrated

Diagonal




For describing the nucleus state.

Gauss Analytically- Numerically- Analytically-
function integrated integrated integrated
“ % %




g By

N

‘“i::zz:;f:;;v- + * A /,\+ * o
RVERVAVAVERYS

Un IUO(Xn) Value at Sampling point Rn n=0123,---,N -

Discrete Fourier transform
U n ) U K

Inverse Fourier transform

U(X)=— NZ U exp(—k xj

Not reproduce the blue solid line for continuous x:U 0 (X)



-ﬂ-ﬂﬂ--ﬂm
- U, Uy

0 1

2

—+1
2

Right circular
shift by half data

i
\\\
I

U Uws ..o U, U U1 Uy
2

It can solve the missing part between sampling points.

U, = ”f:Gz (X, Y, Z)UO(X’ Y, Z)GL,,(X, y, z)dxdydz
is analytically integrated 40



86.,P,

T

v
Gmy,z):( jeXp{—ﬁx(X—Xg)z—ﬂy(y—Yg)z—ﬂz(Z—Zf)z}

3D-Gauss function whose center locates at glide point (X,Y,Z))

xeXp[_ S;X (Zji(xkl)jz _ S;X [271(52)}2 _ 8; Z [27zL(Zk3)j2

+ i(%’j)j(xg + X, )+ i[”l(_kz)J(\g +Y, )+ i(%'?)j(zf +Z, )]

y

All matrix elements are given by analytical from with use of shiftetd FFT.



For describing the nucleus state.

F(KK' l‘,éé’

Approximate

: Diagonal
calculation 5

Rectangular Diagonal

function

Analytically-

Gauss SNt Shifted FFT .
integrated

function integrated

analytically-

integrated SIECHNS

\




Naniwa-Static: It is a nucleus version of the first principles quantum state calculations.

Equation for a single hydrogen atom motion:

h? s R &
6)(2 T ay2 + 622 +UO(X’ y’ Z) ¢a);O(X1 y1 Z) — ECO,O a);O(X’ y, Z) " (**)

2M

Hydrogen

(X,Y,2) : Hydrogen atom position @

The wave function for Hydrogen atom motion near the surface |
has position localized character. Then we described it by linear 3]
combination of the 3D-Gauss functions located at grid il

points, (£,.7,.¢,) .
Ng

¢w(x’ y, Z) — an),gGg(X, y, Z) - (***)
0

7
6 0uy2) = 2% ewpl-o, (-6 -0 (-0 (2.

HARS

7

P
". 1%
'Ig}:‘_ £

77

Gl
R
;‘.f
zZlA}

.'%’;%';'.'J.‘:‘:‘.‘.:.' _.‘.:'. P
.
e

S
s

L

We solve eq.(**) by the variation method.



The fth 3D-Gauss function located at the £th grid point, (& 706,)
is given by

0,0,0,
3
T

GZ(X, Y Z) -

z (Al

The nearest neighbor 3D-Gauss functions
have to be overlapped.

TrTrrrrrro—

OCOO0O0OOOCCO
O A
OFRPNWEOIO D WE

-4

nearest neighbor (¢, ¢') a4



Important reminder for making the grid set of 3D-Gauss functions

You have to check the convergence
of numerical results
by the some trial runs for various:

zZlA}

v" Number of grid points Ng
v’ The decay factors o,.0,.0,




Variation method for eq.(**) by use of the trial function (***)

Z[HM - Ewsw ]Ca),z =0

E!
H, =K, +U,
oo h2 82 82 82
K, = J’H_OOG[(X, Y, z){— M, £8X2 + Y + poy j:l G, (X, Y, z)dxdydz
U, = [[[G.(x ¥, 2)U,(x ¥,2) G, (%, y, 2)dxdydz
S, = _f”j:Gg(x, y,2) G, (X, Y, z)dxdydz
Secular equation NG X NG NG: number of Gauss functions
H11_E S11 H12_E S12 HlNG —-E SlNG
H21_E821 sz_Eszz HZNG_ESZNG _0
HNGl_E SNGl HNGZ -E SNGZ HNGNG —-E SNGNG




We can get the wave functions for hydrogen atom motion
with their eigen enrgies.

Example : H-Ir(111)2x2 (0=1/4ML)

Eigen energy for guantum states
of a hydrogen atom motion on the surface

H11_E S11 H12 -E S12 H1NG —-E SlNG
H21_E821 H22—E822 HZNG_ESZNG H
; Sl - |-o mp Eigen energy
HNGl_ESNG1 HNGZ_ESNGZ HNGNG_ESNGNG
Secular equation ‘
200
S
1]
£ 150
3
d o o 7
E.,im o o o <
- <
c S0
E Lo T ¢
R
a
0 &

47



We can get the wave functions for hydrogen atom motion
with their eigenenrgies.

EX.
H-Ir(111)2x2
(0=1/4ML)

The 3 excited state

The 1t excited state | The 29 excited state

ground state 2 4 6 8 10 v



The expectation value of an observable, O, at wth state 1s given by

- _m B, (%Y, Z)é%(x, y, 2) dxdydz

_ZZCM wq_mG (X, Y, z)OG (X, Y, z) dxdydz

g=1 q'=1

It is easy to calculate <O0>, from obtained
eigenvectors (C, ,C, »C, 3, C, o)

w,



Example of observable

Position: |R — (X,V,2)

Momentum: 6 — (rjx’ pw pz)

p, = _ihﬁ, ij = —ihi, P, = —ihé
OX oy 0z

Distribution of position:
Poosition (X3 Y, 2) =0 (X' =X)-0(y' —y)-0(z'—2)

Distribution of momentum:

pmomentum(p) — 5( Py — px) 5( P, — Iﬁy) 5( P, — pz)



Electron density distribution: 2, (F)

5Un,a)(r1 R) — Wn;R(r) ¢a)n(R) , r:(rl’rz’r3"“’r"mr”e)

Poo (1) = [ [V ()] -6, (RO 5(r =1 )dRdIr

= Ipn;R(r)"¢a);n(R)‘2dR

2
From DFT based ab initio electron state calculation>£h:r (r) = Z‘{Dg;R (r)‘

occ./

* Even in the adiabatic approximation, isotope effects appear in the electron states.

B, (R)

2
—> broad, delocalized
as change of T+t ®D*=> H*=> pu*
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2. System Requirements [Recommended]

0 Hardware
v' Computer Processor: 3.0GHz Intel Core i7 or better
v' Computer Memory: 8 GB or more

0 Operating System: 64-bit Linux distribution

O Software
(1) Naniwa package file : NaniwaSykXXXXXXXX.tar
XXXXXXXX is version number. (ex. NaniwaSyk20170303.tar)
(2) ab initio electronic state calculation package
ex. State-Senri, Osaka2K, RSPACE, ... GAUSIAN, VASP, ...

For install
(1) Compiler: Intel® Fortran compiler
(2) Math library: Intel ® Math Kernel Library (MKL)

For use
(0) Unix shell: csh or tcsh
(1) Text editor: vi, mule ... (as you like)
(2) Visualization tool: gnuplot, OpenDX, XCrySDen



For install
(1) Compiler: Intel® Fortran compiler
http://software.intel.com/en-us/articles/intel-composer-xe/

(2) Math library: Intel ® Math Kernel Library (MKL)
http://software.intel.com/en-us/articles/intel-mkl/

For use
(1) Text editor: vi, mule ... (as you like)

(2) Visualization tool: gnuplot, OpenDX
“gnuplot”
: @ command-line program that can make 2- and/or 3-dimensional plots of
functions and data.
http://www.gnuplot.info/

“OpenDX”
: IBM Visualization Data Explorer program.
http://www.opendx.org/ (dead link: see appendix)

“XCrySDen”
:a crystalline and molecular structure visualization program.

http://www.xcrysden.org/ .



http://software.intel.com/en-us/articles/intel-composer-xe/
http://software.intel.com/en-us/articles/intel-mkl/
http://www.gnuplot.info/
http://www.opendx.org/
http://www.xcrysden.org/

3. How to install

(1) Copy the package file “NaniwaSykXXXXXXXX.tar” to your home directory.
XXXXXXXX is version number. (ex. NaniwaSyk20130110A.tar)

(2) Decompress the package file.
Type following command lines:

tar xvf NaniwaSykXXXXXXXX.tar [Enter]



You can get following directory on your home directory.
Installed directory structure

[your home directory]

|-- naniwa -+

|-- doc: documents

|-- SRC : source codes

|-- bin: execution programs

|-- work: working directory

|-- gs: script for Grid Engine (Job scheduler)

|-- etc -+
|-- OpenDX: files for Visualization software OpenDX®
|-- potential: files for making potential data
| -- example: input data examples

|-- results: simulation results



(3) Move to SRC directory

Type :
cd ./naniwa/SRC [Enter]

(4)Compile the source codes
Type :

make all [Enter]

The compilation must finish without errors, although warnings may be possible.

57



Error message

fastDFT3D_MKL.f(5): error #7002: Error in opening the compiled module file.
Check INCLUDE paths. [MKL_DFTI]

Use MKL_DFTI
fastDFT3D_MKL.f(10): error #6457: This derived type name has not been declared.
[DFTI_DESCRIPTOR]

type(DFTI_DESCRIPTOR), POINTER :: hand
compilation aborted for fastDFT3D_MKL.f (code 1)
make: *** [naniwa] Error 1

Please ask to your system administrator to compile mkl_dfti.f90.
Please do followings as root (super user).

cd /opt/intel/mkl/include

ifort —c mkl_dfti.fo90

* You can find some hints to solve your problem in “Makefile”.



(5) Move the execution file to binary directory

Type:
make all-install [Enter]

Check the execution files under bin directory

Type : Naniwa runtime
program

Is ../bin [Enter]

You can see following files:

BandStructure ChargeState eigen2spec naniwaSS _run poteng2xsf
BHGCAR2DX chgcar2xsf makeBHGCAR pec state2dx
cellexpander chkPOTENG makePOTENG poteng2dx state2xsf

59



(6) test run.
Move to work directory.
cd [Enter]
cd ./naniwa/work [Enter]
Copy the test data.
cp —r ../etc/example/test ./ [Enter]

cd test [Enter]
Is [Enter]

INSET POTENG run.csh

Execute the program
csh  ./run.csh [Enter]

finish naniwa

Cf. if you use the Sungrid Engine, type qgsub ./run.csh to submit your job. "



Check output files
Is -al [Enter]

total 104

drwxr-xr-x 3 hiro
drwxr-=xr-x 3 hiro
-rw-r—r— 1 hiro
drwxr-xr-x 2 hiro
-rw-r—r— 1 hiro
—rw—r—r— 1 hiro
-rw-r—r— 1 hiro

cat LOG [Enter]

staff 12 Aug 20
staff 17 Aug 20
staff 478 Aug 20
staff 4096 Aug 20
staff 8305 Aug 20
staff 90085 Aug 20
staff 290 Aug 20

12:53 .

12:52 ..

12:52 INSET
12:55 kpoint0000
12:55 LOG

12:52 POTENG
12:52 run. csh



If successful, you can get the following LOG file:

3k 3k 3k 3k ok 3k 3k 3k ok %k 3k ok ok 5k ok ok 3k ok >k 3k ok ok 3k %k ok 3k 3k ok %k 3k %k 3k 5k %k 3k >k %k %k >k %k k

* Naniwa code *
3k 3k 3k 3k 3k 3k sk sk 3k 3k sk sk sk 3k sk sk sk 3k 3k sk ok 3k 3k sk sk 3k sk sk 3k ok >k sk 3k 3k %k sk sk ok k sk k
NaniwaSYk Version 2012.11.22
created by NAKANISHI, Hiroshi
OSAKA UNIVERSITY

INSET title :
*

Calculaton mode : 0
*** Full calculation

Atomic Mass = 1.00000000000000 (proton)
= 1.672621637000000E-027 (kg)

Number of node index (No1,No2,No3)
9 9 9
Gaussian decay factors (1/Angstrom Angstrom)
SigmaX=5.00000000000000
SigmaY= 5.00000000000000
SigmaZ= 5.00000000000000

** No correction by symmetry.

-—-—-—-‘—_——

12 0.1882954
13 0.1882954
14 0.1882954
15 0.1882954
16 0.1882954
17 0.1931621
18 0.1931621
19 0.1931621

MSG:checking the probality of each eigenstates
All k-point calculation, which you requested,are done.

3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k >k 5k 3k %k %k >k 3k 3k %k 3k %k 3k %k %k %k %k k k

* Naniwa code is terminated *
3k 3k 3k sk sk 3k sk 3k 3k sk 3k sk 3k 3k sk 3k sk sk sk sk ok sk sk ok sk ok sk sk ok kok sk
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Program codes and files
INPUT/ OUTPT files

How to use

Naniwa users manual Ch.4

Making 3D-potential energy surface for quantum particle in material. §5.1
Making the simulation setting
Executing the simulation program.
Check simulation results

How to see the Eigenenergies as a function of quantum number.
How to see the Wave functions

Naniwa practice menu
Quantum states of u*,H*,D*,T*

1.

o uewWwN

near Pd (111) surface

on Pd (001) surface

in 3D harmonic potential

in Si crystal.

on graphene

in any potentials as you like

§4.2
Ch.5
§5.2
§5.3
§5.4
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Appendix



How to install “OpenDX” : IBM Visualization Data Explorer program.
http://www.opendx.org/ (dead link)

When your OS is Ubuntu, type following command in terminal to install OpenDX.

sudo apt install dx [Enter]

[sudo] password for XXXXX: Yewr pascuord [Enter]

Reading package lists ... Done
Building ....

Do you want to continue?[Y/n] % [Enter]

Processing triggers for libc-bin (2.273ubuntul) ...
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