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Classical vs Quantum

Classical Mechanics Quantum Mechanics
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Description of A particle is described as | A particle is described as
particles displacement (x) and wave function (x), square as
momentum (p) its probability distribution
and energy (E)
Governing equation | Newton Equation Schrodinger Equation

(Equation of motion)

F'=ma Hy = £y




Example: Hydrogen like Atom

7 2
F'=ma = 5
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Goal of the experiment




Schrodinger equation

Hip = E
Hamiltonian — = wave function

Energy of the state

« Hamiltonian: the operator corresponding to the
total energy of a system.

H = — V
; 2m; *
e

Potential
energy



Schrédinger equation for H,™
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Solving the Schrodinger equation

Born-Oppenheimer approximation:

« Motion of electron is much faster than the motion of nucleus
(mnuc z'] 82Ornelec> > > > melec)

« Regard the positions of nuclei as fixed -> Only consider electron
wave function

* Since nucleus is fixed, we cannot differentiate
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Solving the Schrodinger equation

1. Fix the positions of the nuclei (i.e, fix R45) and solve
the Schrodinger equation for the electronic Hamiltonian He'¢¢(R4p).

. }12 5 62 62 6’2
H ~ Ve +
2me  © dmegra Amegrp| BWmegRap
H()](')'C(RAB) Vin(RAR)
H“](%(T(RAB)@’; = E -~ €°(RaB), €7 “°(RAB), €5°°(RAB), ---
2. For actual energy, add the nuclear-nuclear potential energy
Vnn(RAB)-

‘/fi(eff) (RAB) — Egjlec(RAB) + Von (RAB)

"Effective” potential



Solving the Schrodinger equation

3. To obtain potential energy curve, we must consider subtracted
energy: €§'°“(Rag) — €atom,o + Van(Rap)

I;relec(R) _— f{elec
%(eff) (RAB)

yelec R' . [T €lec
E.) H T Different Rag means different Hamiltonian form
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Solving numerically

H elec|¢, elec __ — . elec¢ elec € --p

lSoIvmg numerically qbdec d)elec elec
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Final
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results €0 — €atom,o T Vn,n
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Orbitals

Orbitals = Wave functions of a single-electron system.
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Simulation




Simulation Outline

Prepare inputs for Two input types:
B X inp: simulation methods,
H,* molecule and H atom. Xyz: system structure.

.

: : i https://chem.edison.re.kr )
In-class ; Sl#l)mlt thet IanftS — | The solver: KDFT
O the remote solver. k(now called ACE-Molecule) )
. . routput.log: calculation results. )
_ Obtain the output files. — | Scf.orbitals.s0.ind*.cube:
molecular orbital files.
] . 1) Plot the PESs of H,*.
Take-home Analyze the outputs. —— 2) Plot the MOs of Hy*.




1st Input needed: Inp

%%BasicInformation An inp file contains the settings of your simulation,
Scaling 0.5 such as the quantities to compute, the accuracy, etc.
Radius 2.5

Numelectrons 1.0 In all the simulations required in this experiment,
Centered 1

. you need not change the inp content.
%%Pseudopotential

UsingDoubleGrid 1
FineDimension 2
%%End

%%End

To learn more about the commands,
please consult the app manual.

%%Scf

NumberOfEigenvalues 9
%%ExchangeCorrelation
FunctionalName EXX
%%ENd

%%ENd




2" input needed: xyz

An xyz file contains the coordinates of your molecular system.

Number of atoms in the molecule ->| 2

One blank line! ->
H0.00.00.0

H0.00.0 1.0’

Element
Z. symbol

Cartesian coordinate (x, y, z) of each atom

(0.0, 0.0, 1.0) (unit JAngstrom
Internuclear

Distance 1Angstrom = 1AO:1O_1Om

(0.0, 0.0, 0.0)

/\y



2" input needed: xyz

To make a potential-energy curve of H,*, we need multiple xyzs.

Vo(eff)(RAB)
A

€atom,0 - . R;\ I




Required inputs in Exp. 3

V()(eff)(RAB)

One inp

and the xyzs
corresponding to
the 10 different
H-H distances.

{8 .. 10th

(And an additional €atom,0 -~
xyz of a single
H-atom system,
for the optional problem.)




Flow of using a remote solver

Your compute | The EDISON server is where
Go to the EDISON site your calculation is executed.
chem.edison.re.kr The server has the solver app

W with multiple CPUs.

Download the output files.

Prepare inputs

Analyze outputs



Getting started

Sign in to the EDISON web, chem.edison.re.kr
Account information will be given by TAs.

ED|<’0N EXPLORER ~ APPS  CONTENT  EDUCATION  Challenge  ABOUT ~  EDISON News ~ &sonwp] Hsionin QISR

————————

EDI’ON

=8}

Everything for Computati

THE BRIDGE TO COMPUTATIONAL SCIENCE PRI S by

‘ Learn More... ‘

Applied Disciplines



Getting started

Students are recommended to change their passwords.
Follow what shown below to change your password (Make it simple!)

______
o O kA = r Cr a A ‘) o) r F I |
EDI Y ON APPS  SIMULATION ~  CONTENT  EDUCATION  ABOUT »  STATISTICS ~ § MY EDISON
A [ 4
= Favorite Apps @
____;___lp__~‘ [4 Class Status
( g
i
| [] Class Status > | Site Course Affiliate Professor Class Title Rt::i:“ Status
I I , ------ \
N W - 4 I I
=% Files CHEM  General Chemistry Lab | KAIST a+a 2019 Spring TA session 2019-03-05  takingacourse | GotoClass |
— ‘ ------ "

update-password p ¢

No Data Current
Password

NOTICE

New Password

Password confirm

Modify My Information» > Go to Course »

Modify




Getting started

Go launch the KDFT app.

CONTENT EDUCATION

r---~
| AFFS: SIMULATION ~

Computational Chemistry

ABOUT ~

STATISTICS ~ MY EDISON

BRIDGE TO COMPUTATIOMAL SCIENCE FOR HIGHER EDUCATION AND ADVANCED RESEARCH

) ScienceApp

APPS

o CCHEM [ APPS |

ACE-Molecule

™
..r"_']-.; i
@) C%: etc
Monte Carlo Quantum dynamics Protein-biomolecule Quantum chemistry Molecular dynamics Cuantum mechanics Maolecular dynamics on Efc
calculation and quantum docking calculation biosystems
control @
{-----------------_\
Latest v | IF 10tems ~ | University/Or v : kdft Q : Clear
\
MNo. App Title[App Name) Version Affiliation UserlD Date Manual Run
- L B N N | \
_ KDFT
1 TEx KAIST wooyoun 2019-02-19 0 Manual | @

—-----‘



Your first simulation

Name a simulation as you want.




Your first simulation

Let's first get familiar with the simulation workspace.

KDFT & BB @ a 83
B MySimulationt @ m m
B #001 @ £
& -inp
DIZ*'t-x;;z @ @ @
s inp panel Xyz panel
@ Your simulation. One “simulation” includes multiple “jobs”.
@ A job. A job is the specification/management of an actual simulation process.
® The toolbar for editing and submitting jobs.
@ The input ports for showing your input content and status.
® The panels for editing your two input types inp and xyz.



Your first simulation

Set up the two inputs: inp and xyz.

{---\

1 M|
KDFT S 8 Bi3F
Ver 2.0.3 Simulations New) Save | Copy

\--_’

W MySimulation1

B #0071 &3
#kBasicInformation
Oinput Scaling 4.5
Radius 2.5
. MumElectrons 1.8
=In
(& -np Centered 1
#¥P=eudopotential
@ -xyz P
y UsingDoubleGrid 1
Loutput FineDimension 2
%%End
+ Cube ¥scf

MumberOfEigenvalues 9
EXExchangeCorrelation
FunctionalMame EXX
#%End

%%End

Delets Submit anual
g ven- | OH -}
——— l ————— ’ l ————— ’
| BSample |
----J 2

[Open local file
MO0pen Server file
OSave

MSave as...
MSave at local

& Download

O—@ Click "Menu” and then “Sample” to load a sample inp file.

3) Check if the co
This indicates t
(Note the prob
If red, it means

or changes to green.
nat the inp is successfully entered.

ematic indication is gray, not red.
the corresponding panel is being active.)

@—@G) Do similarly for xyz.
® After inp and xyz are entered, click “Save”.



Your first simulation

Click “"Submit” and set the number of (CPU) cores used.
The default 4 cores will do. Do not use a large number of cores.

KDFT & m @ o le

1
Ver20.3 Simulations Mew  Save  Copy  Delete l Submit  IManual

M MySimulation @ m

B #001 [ 3 |
#¥BasicInformation 2
Oinput E Scaling 8.5
Radius 2.5 He&.8 6.8 8.8
; MumElectrons 1.8 He.ae.a 1.8
7 -
(& -inp Centered 1
%¥Pseudopotential
-XyZ
= UsingDoubleGrid 1
Houtput E FineDimension 2
¥¥End
« Ccube ¥Xscf

NumberOfEigenvalues 9
¥XExchangeCorrelation
FunctionalMame EXX
®%End

*%End

CPU Cores

Enter number of cores (0 ~ 16)

@ -
@ SUBMIT CANCEL



Your first simulation

After submitting the job, you can click @ to monitor the job status.
Note that the "Job Information” panel does not auto-refresh by itself!

KDFT & E & &

Ver2073 Simulations Mew cancel Log Manual
W MySimuiation Job Infomation x 2019-03-07-10-39-22.625/xyz
[ geien
B #001 @ 221
==7  JobTitle 2
Oinput
#001 Ha.aa.aa.8
£ -inp Ha.aa.a1l.e
& -xyz |’ \I
Status RUNNING
Lloutput '— ______ !
v log Queue Time 2019-03-07 10:39:24
+ Ccube Complete Time 2019-03-07 10:39:24
Run Time 1 minute
System Log (Out) T
Project Share falze




Monitoring the job status

Monitor whether your job finishes successfully.

B 001 (| Job Infomation x
"R" status: job Is running Job Title
or #001
"Q" status: job i1s waiting to be run.
Status © success
‘ Queue Time 2019-03-07 10:51:10
=1\
# Complete Time 2019-03-07 10:51:32
B #001 & | >
I ] Run Time 1 minute
S" status: job ended normally.
System Log (Out) anl]
Download Results
B #001 | |
Project Share false

"F" status: job ended w/ errors!

Check the errors in your inputs
and run a new job.




Data in the output files

For each calculation (with a specific Rup),

A log file contains ef*¢¢, V,,, and other physical values of the system.
elec

A cube file contains the information for drawing the shape of one ¢;

Vb(eff)(RAB)

‘t'elecl. )’ elec _ 'elec,;’elec ‘relec| j.elec elec  ;elec

¢elec elec jelec
0 1 ] 2 g s

lSOIvmg numerically

‘elec 'elec .'elec elec _elec _elec

O 1 ? @2 b Bt Rf 60 , 61 9 62 ’ -we
€atom,0 .- . = = » R

‘elec 'elec 'elec a 2% —

€0 sy €1 s €9 g oee R AB




1st output: the log file

KDFT &I@@r - O e &

Ver 2.0.3 Simulations Copy  Delete Log Download Open Data  Manual
m my_calc_01 output_lc:-g
B #001 B
Qinput a PR - -
Sirms BES bbdiediebiiieisidsr sf#fis
E? -"1p e e o HEE T » HBEEE L +ersr==i,
& ~xyz R
DDUtpUt B e L
'--- L ERERERREREERER
‘, |°g CI k R
G- ’ I ‘:: = = S S
« cube et A4S SRRl
RS = =
++1 ++=
++1 ++=
++=,011
o FEAALA T CCCOOCCCCCCCCOC O (artingg 3 HHR(/*. .
23R L PP CCCCCCCCCCOO OO (e HERHRHH R R .

-,**h‘ff({({{({(((((((((Hﬂ#ﬂ#ﬂﬁ{(((!* .

If you use our program, please cite this work :
Sunghwan Choi, Kwangwoo Hong, Jaewook Kim, and Woo Youn Kim,
"Accuracy of Lagrange-sinc functions as & basis set for electronic structure

calculations of atoms and molecules”
The Journal of Chemical Physics, 142, 894116 (20815)

Epetra in Trilinos 12.18.1

==================== Parallel Manager =========================
*=MPI INFO
Proccessor responding. (1/4), Processor ID = 67532 on host edisond8.kisti.re.kr
responding. (2/4), Processor ID = 67533 on host edisond&.kisti.re.kr
responding. (3/4), Processor ID = 67534 on host edisond8.kisti.re.kr

responding. (4/4), Processor ID = 67535 on host edisond4B8.kisti.re.kr

Proccessor
Proccessor
Proccessor

[EUI T )

*¥0PENMP INFO
openmp_num_threads: 1

MumElectrons iz odd (1) and SpinMultiplicity is not set! Defaulting to doublet.
Polarize is not set! Defaulting to polarized calculation.

center of mass is moved to @,8,8

Atnme




1st output: the log file

Scroll the log panel down to see the following sections:

The energy information of the system The orbital energies
of the system
—=——= —TeT T TEEEE S T - | total energy -0.595799
Total energy =-0.595793 orbital occupations / energies
=== e T = = SPIN 0
lon-ion = 0.529177 Hartree 10000 -1.124976
Eigenvalues = -1.124976 Hartree 0.0000 -0.649972
Hartree energy = 0.339923 Hartree 00000 -D.396683
Exchange-Correlation energy = -0.339923 Hartree 0.0000 -0.396683
Exchange energy = -0.339923 Harlree 0.0000 -0.251060
Correlation energy = 0.000000 Hartree 0.0000 -0.105496
Kinetic energy = 0.6087584 Harlree 0.0000 -0.083906
Spin 0 = 0.606784 Hartree 0.0000 -D.083906
Spin 1 = 0.000000 Hartree 0.0000 -0.031203
External energy = -1.733760 Hartree SPIN 1
——===== ———==—=========== e ———==== 0.0000 -0.538765

0.0000 -0.166564
0.0000 -0.004428
0.0000 -0.004428
0.0000  0.110842
0.0000  0.236287
0.0000 0244408
0.0000 0244408
0.0000  0.315617




2"d output: the cube files

ownloac

og D d

You can scroll or drag to see better




2"d output: the cube files

Various settings can be changed in the control panel.
The most important things include:

File > (1) Cube file names:

- Surface Scf.orbitals.sO.ind1.cube
Showisosurface Scf.orbitals.s0.ind2.cube

Wireframe Scf.orbitals.sO.ind3.cube

isolevel

~ Structure *

Spin alpha  Orbital number

visible

Style ball+stick »

" Setting (2) Surface isovalue control:
backgroundColor #000000

Small isovalue Large isovalue

downloadimage
isolevel isolevel

Close Controls




Submitting additional jobs

KDFT

Ver20.3
W MySimulation1

B #001
Oinput
& -inp
& -xyz

Loutput

v log

+ Cube

PYREE

Z
7 [ |

*iea @
-

Simulations Copy  Delete
New S@ation Job x
Title

#0002

@ 3

-~ O

Log

(a4

Open Data

Menu~

&

Download Manual

KDFT

Ver2.0.3

o

Simulations

_a>

llf?_fl

Mew | Save ' Copy

- -

®

#%BasicInformation

I MySimulation

"
B #0002
S —

Cinput Scaling @.5
Radius 2.5
- MumElectrons 1.8
-In
(# -np Centered 1
#XPseudopotential
-XyZ
(& -xy UsingDoubleGrid 1
output FineDimension 2
REEnd
+ Cube HxScf
MumberOfEigenvalues 9
#XExchangeCorrelation
B #001 & FunctionalName EXX
REEnd

HXEnd

r 1
W 1&g &
Delete :

Submit | Manual

@

®

’----\

1 1
Menu+
1 1

\----,

. —,

2 1
|
Ho.00.00.06 |
He.e 0.2 8.5 |
J

\------_

®

After loading the samples,
edit the coordinates as you want
and save the change.







Analysis 1. Potential energy curve of H,* ground state

Find the following sections in the log:

[V total energy -0.595799 e
orbital occupations / energies Tmn-::: —
SPIMN 0 Eigenvalues = -1.124976 Hartre:a

Hartree ener = 0.339923 Hartree

1.0000 -1.124376 Exchange-[ﬁgielatiun energy = -0.339923 Hartree
00000 -0.649972 E:-:change energy = -0.339923 Harlree
0.0000 | -0.396683 ot snergy = 006784 Harves
0 0000 -0 3966583 Spin 0 = 0.608754 Hartree

Spin 1 = 0.000000 Hartree
0.0000 -0.251060 External energy = -1.733760 Hartree
0.0000 | -0.105496 —————————— — :v —
0.0000 | -0.083906
0.0000 | -0.083906 o o "
00000 | -0031203 (Often in literatures, “ion” is used for “nucleus”.)

v

-1.124976 = eglec =
-0.649972 = eglec

ground-state electronic energy = 15t orbital energy
1st excited-state electronic energy = 2"d orbital energy




Analysis 1. Potential energy curve of H,* ground state

Potential energy curve of H,*

EgleC(R) + Van(R) — €atomo = \

(The ground-state e/ectronic
energy) + (ion-ion potential

of H,* with separation R) \ \
v \Og__zw
The fotal energy of H,* at /infinite R 3 -
-0.489063 hartree (Provided in the (Bohr)

report sheet)

To get a graph as in the text book,

1. Convert the length unit from angstrom to bohr
(1 A ~ 1.889726 bohr).

2. Convert the energy unit from hartree to eV
(1 hartree ~ 27.211386 eV).

you should plot (-0.624 x 27.211486eV, 0.8 x
1.889726 Bohr)




Analysis 2. Potential energy curve of H,* first excited state

175

——10g —*—1gu* 5 =

S b

1st excited state O O2 sk
0 — |

B

Ground state O O | ]

Ri-n/a0

1st excited state

Energy (eV)

~Ground state

Eflec (R) + Vi (R) — €atom,0

\l, Same as previous

The first excited-state electronic energy
of H,* with separation R.



Analysis 3. Visualization of orbitals

We will only visualize alpha-spin orbitals (“...s0..." cube files).

KDFT o @ ow H O ? &
Ver2.03 Simulations MNew  Copy  Delete Log Download Open Data  Manual
m my_calc_01
(>
Linput
:f' -ine
Doutput




Analysis 3. Visualization of orbitals: Examples

3oy

&
1?rg




Analysis 3. Visualization of orbitals: Isosurface setting

Visualization of a molecular orbital ¢;(r) is done by plotting the isosurface S;(v)
specified by some value v (the /sovalue).

Si(w) = {r:|¢;(r)| = v}.

When plotting an orbital, the viewer automatically sets some value for v.
However, there are some cases where the default value is not satisfactory!

Example of plotting the 20, orbital of H,*:

S20,(v = 0.8) S20,(v = 1.5) Sz, (v = 2.0)

(default)
K X

The default isosurface does not capture
the double-shell structure!




Analysis 3. Visualization of orbitals: Isosurface setting

So properly control the isovalue to get a correct view.

BTN —

NOTE that when plotting multiple orbitals, use isovalue = 0.8

Incorrect Correct

v=15 v=3.0 v=20.8 v =20.8 v=20.8 v=20.8




Analysis 4. (Optional)
Contributions of average potential and kinetic energy

Let's see how each of the potential energy and kinetic energy contributes to the total energy.

Kinetic energy Potential energy

7eff) —




Analysis 4. (Optional)
Contributions of average potential and kinetic energy

Let's see how each of the potential energy and kinetic energy contributes to the total energy.

15.0 | V = total/ Coulomb potential energy
= nucleus-nucleus potential energy V,,
1008 + nucleus-electron potential energy 1,
+ electron-electron potential energy V,,
SO0F (Vee = 0 for H,*.)
3 T = electronic kinetic energy
5 0
;2 Ve =V +T
-S.0F V(€/7) is called the effective potential energy,
which is actually the total energy
100 | that we have calculated.
-15.0 |

-20.0 =



Analysis 4. (Optional)
Contributions of average potential and kinetic energy

To plot the graph as drawn in the text book,

we need to subtract V and T of a H atom.
15.0 F

Why?

10.0 | As said in Theory part, an H* ion has no V nor T.
So V and T of H,* at infinite R equal to

5.0 F B V and T of a (neutral) H atom.

_ \%4

>

;fﬁ 0% ifo'm% V(R) = Vi3 (R) = Vi atom (R)

5

e ‘ v T(R) — TH'Z" (R) _ TH atom(R)

5.0 0§

VDR =V(R) + T(R)

-10.0 | _ —

H atom

-15.0

-20.0 =



Analysis 4. (Optional)
Contributions of average potential and kinetic energy

To simulate a H atom, run a job with the following xyz:

r-J

1

L T
LA I
oo
LA I
oo
—
oo

H&.2 8.8 &a.8

H,™ molecule H atom



Analysis 4. (Optional)
Contributions of average potential and kinetic energy

Calculation result of 1.0-A H,*:

Total energy = -0.595799
=Se———r— == =Se———r— —= — — == == — + _ _
lon-ion = 0.529177 Harlree > Vo of H2 > IV of H2+
Eigenualues = -1.124976 Harlree
Hartree energy = 0.339923 Hartree +
Exchange-Correlation energy = -0.339923 Hartree > Vee Of H2
Exchange energy = -0.3399.3 Hariree .
Comrelation energy = 0.000000 Hartree _ V(eff) Of H +
Kinetic energy = [.60&754 Hariree > T Of H2+ — 2
Spin 0 = 0.608754 Hartree
Spin 1 = 0.000000 Hartree
External energy = -1.733760 Hartree —= Vne Of H2+ —
Calculation result of a H atom:
Total energy = -0.489063 (Note this value equals the energy af Hy(R — o) in the report sheet.)
lon-ion = 0.000000 Hartree (FOI’ One H atom: Van = 0.)
Eigenvalues = Hartree
Hartree energy = Hartree [ 7 (e f f )
Exchange-Correlation energy = Hartree V Of d H atom
Exchange energy = Hartree
Correlation energy = 0.000000 Hartree _
Kinetic energy = Harlree T f H atom
Spin 0 = Hartree
Spin 1 = 0.000000 Hartree —
External energy = Hartree V’I’l Of H atom = V Of H atOm




Analysis 4. (Optional)
Contributions of average potential and kinetic energy

150 F | | Using your ten H,* simulations
and one single-H-atom simulation,

i - draw eV-bohr plots of V, T and V(/7).

10

5.0 F I
_ %
- 5
P 0 ——+HH—— %@
20 1.0 2.0 3.0-4.0_5.0" 4o g
= | | i 2
= &% 0
-5.0 2 0 8
~10.0 S
~15.0 -10
Ri-n/20

-20.0 =



Portal survey

Please answer the survey about your experience of the EDISON portal.
All answers will help improve the portal for better user experience!

NOTE that the questions are provided in Korean.

NOTICE

Mo Data

Modify My Information» Survey » Go to Course »

Survey

[4} Survey :

2015~19 EDISON ArExt HF 2018-07-01 ~ 2019-06-30 : Participate in Survey I
\

You may skip this if there is no Survey button shown!
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