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» EXercises

* Few words on Huckéd-1V codes



Brief Description of Huckel-1V

Huckel-1V isasimple semi-empirical model for molecular
conduction which can be run from the hub

Main features of Huckel-1V are:
e device ismodeled by a semi-empirical method : Extended Huckel Theory (EHT)

 Contact isalso modeled by EHT and Self energy for the contact is calculated
exactly

« System modeled is : gold contact- single molecule-
gold contact where the gold surfaceisin 111
direction
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* Model only two terminal device. No gate.



Brief Description of Huckel-1V

* Potential profile inside the molecule is assumed of following shape :

Vv
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N0

contact 1 molecule contact 2

® Two options are provided to the users for the potential calculation : (1) to specify
N as aconstant and (2) to specify a charging energy U, and let the program
calculate n(V) self-consistently at each bias.



Brief Description of Huckel-1V

e Potential profile inside molecule is assumed flat in both cases
*The equilibrium Fermi energy (Er) istreated as afitting parameter

 The contacts are assumed to have a constant density of states in the energy
range of interest

o Structural changes of the molecule under bias are not considered
A Buittiker type probe isincluded to ssmplify calculations

For detailed discussion of the theory of Huckel-1V see:

Ferdows Zahid, Magnus Paulsson and Supriyo Datta,

" Electrical Conduction through Molecules', to appear in forthcoming volume on Advanced
Semiconductors and Organic Nano-Techniques, edited by H. Morkoc, Academic Press.

* This article can be obtained from the Huckel-1V main page.



Huckel-1VV on the Hub

Huckel-1V isavailable on Hub

To access Huckel-1V on hub go to: http://nanohub.purdue.edu
and then select ‘Huckle-1V 2.0¢

Running a Huckel -1V simulation consists of three stages.

1. Input Stage

2. Execute Stage

3. Output Stage

In the following slides these stages will be briefly discussed

(For more details see the Manual on Huckel-IV main page)



Huckel-1V on the Hub: Main Page

Huckel-1V-Related Information

Description

First Time User's Guide

Manual

Theory of Molecular Conduction
sSource

Cluestions

Fun Status

Run Huckel-1V

1. Modify/Create Huclkel-1V Input Files

2. Execute Huckel-1V

3. View/Dovnload Huckel-IV Output Files




Huckel-1V on the Hub: Input Stage

e In this stage users will define a coordinate file from the Input page

 Only input required for Huckel-1V isthe coordinate file of the molecule

e This coordinate file will specify the structure of the molecule of interest

 This coordinate file should be in ‘XY Z' format and oriented in proper direction

« Some of the coordinate files can be obtained from the example folder in
Huckel-1V Input page

* For other systems users have to generate their own coordinate files using any
Chemistry software



Huckel-1V on the Hub: Input Stage

Exampleof a
coordinate
file

/

Atomic
number

1 -1.251197 -3.416196

16 .079083
-.001287
2.152491

-2.156143
1.205002

-1.205642

-1.205687
1.204928

-2.156177
2.152382
-.001296

16 .079273

1 -1.251173

/

X
coordinate

6
1
1
6
6
6
6
1
1
6

vaues

-3.194823
-1.408464
-1.227666
-1.223829
-.695624
-.697041
697184
695612
1.224008
1.227620
1.408515
3.194817
3.415059

N\

Y

.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000

N

coordinate

vaues

Z
coordinate

vaues



Huckel-1VV on the Hub: I nput Page

W= yuckel-1V: Input

Hub Directory | Hucleel-TV | Step LInput | StepZ:Execute | Step3:Output

Help for Step ! :nput | User: molecule | Working Folder: tuckelwTnput/

1. SEIECt one of the commands from the categories a, b, ¢, d, or e

& Edit File OF. Open Folder
a | Delete File OF Folder = No Files Available =
" Download File to Your Disk

" Create New File
" Create New Sub-Folder

| T Go To Examples Folder |Wc::r1cing Folder Wil Mot Change

InE Wname

I Commands typed here override
the checl-box selections abowe,

.m|:a-|.7|.0‘|

Tpload file (overrides
selections a—d above).

| Browse... |

2. Execute the selected command, Execute the Cammand |




Huckel-1V on the Hub: Execute Stage

* |nthis stage users will run specific ssmulation by choosing the desired options and
parameters in the Execute page

* Five different tasks can be performed

» Task one isindependent. Task two has to perform first to do the
other three tasks

e Task two is :Build Density of States (DOS) and Transmission Data Files. In this step
adatafilenamed ‘Dos TE.mat’ will be generated. Thisdatafile isused for all the
calculations for equilibrium and non-equilibrium properties.

[As generating this file is time-consuming (10 minutes to one hour) we will use

previoudly generated ‘Dos TE.mat’ file for all the calculationsin ‘Exercise’ section]

 Detalls of the steps in Execute page will be discussed in the ‘Exercise’ section with
some examples



Huckel-1V on the Hub: Execute Page

Huckel-1V: Execute

Hub Directory | Huckel-TV | Step LInput | Step2:Execute | Step 3:Output

Help for sep 2 Execute | User: molecule

select Task

& Calculate Enerey Levels of Meutral Meolecule
" Build Density of States (DO32) and Transmizssion Data Files
Calculate Equilibrium Properties

©  Calculate Mon-Equilibrium Properties  (Mon-Zelf-Consistent
Method)

¢ Calculate Non-Equilibrium Properties  (Self-Consistent
hlethod)

Mext |

Hub Directory | Huckel-IV | Step Lnput | Step2:Execute | Step3:Output




Huckel-1VV on the Hub: Output Stage

* |nthis stage users will view the results and plots generated in Execute Stage
* Plots can be generated in both postscript and GIF format
* From the data files users can generate their own plots

* A brief description of all the output data files and plots are
given in the ‘Readme’ file in the Output page



Huckel -1V on the Hub: Output Page

Huckel-IV: Output

Hub Directory | Huckel-IV | Step LInput | Step2:Execute | Step3:Output

Help for Step 3 :Output | User: molecule | Working Folder: Mhuckels/Output/

1. SEIECt one of the commands from the categories a, b, or c.

| [# View File OR Open Folder File Type
a. | T Delete File OF Folder = No Files Availabls = m
" Download File to Your Disk
|1:T|  Go To Examples Folder | Wotking Folder Will Mot Change
. I Commands typed here over-ride
the checlk-box selections abowe.

2. Execute the selected command. Execute the Cammand




Exercises

We will perform the following exercises:

» Exercise-1: Toobtain energy levels of neutral phenyl dithiol (PDT)
(Purpose of this exerciseisto learn how to get the energy levels of neutral molecule)

» Exercise-2: To calculatetotal Density of States (DOS), Transmission (T) and Charge
Neutrality level (E_,) for PDT connected to two gold contacts

(Purpose of this exerciseisto see how the contacts affect the energy levels and other properties of a
molecule)

» Exercise-3: Tocalculatethel-V characteristicsof PDT with symmetric coupling
(Purpose of this exerciseisto seethe effect of ‘charging’ in the |-V characteristics)

» Exercise-4: Tocalculatethel-V characteristicsof PDT with asymmetric coupling
(Purpose of this exerciseisto seethe effect of asymmetric coupling in the |-V characteristics)

» Exercise-5: To calculatethel-V characteristics of Quantum point contact (QPC)
(Purpose of this exerciseisto see whether we are getting correct result for quantized conductance)



Exercises: Systems

Neutral PDT

QPC connected to
gold contacts




Exercise-1: Procedure

* First upload the coordinate file of neutral PDT from the example folder in
Input page (copy the file pdt.dat from pdt directory)

* Next go to main Execute page and select ‘ Calculate Energy Levels of Neutral
Molecule

* From ‘Calculate Energy Levels of Neutral Molecule’ page select the correct
coordinate file and then put all other parameter values on the blank space correctly
(parameter values can be obtained from the README file in example folder in Input page)

* Next push Calculate Energy Level button

* In the ‘Program Status’ page keep pushing Proceed button until it says
* No Programs Executing’. It will take 20 to 30 seconds to finish.

» Then go to the Output page and view Elevels.gif file



Exercise-1: Procedure

Huckel-IV: Execute

Huh Directory | Huckel-T'V | Stepl:Input | Step2:Execute | Step3:Cutput

Help for Step?: Bxecute | User: molecule

Calculate Energy Levels of Neutral Molecule

Coordinate File: Ipdt.dat vI
Total Mumber of Electrons: qu

Plot Formati{s) {if army)
[T GIF ({Graphic Interchange Format)
[T PDF (Fortable Document Format)
T P5  (PostScript)

Output Folder: |1:u:11:

Calculate Energy Level




Exercise-1:

E (eV)

=11t

=12F

-13

Energy Levels of the Neutral Molecule

LUMO

HOMO

Output

HOMO = -1.7 eV
LUMO = -8.3 eV

HOMO-LUMO
gap (HLG) = 3.4 eV



Exercise-2 : Procedure

* First upload the Dos TE.mat filefor PDT fromthe example folder in Output
page (copy the file from pdt directory)

* Next go to main Execute page and select ‘ Calculate Equilibrium Properties

e From ‘ Calculate Equilibrium Properties’ page select the Dos TE.mat file and then
put all other parameter values on the blank space correctly

(parameter values can be obtained from the README file in example folder of Input page)

 Next push Calculate Properties button

* In the ‘Program Status’ page keep pushing Proceed button until it says
* No Programs Executing’. It will take 60 to 80 seconds to finish.

» Then go to the Output page and view DOS.gif, TE.gif and E_cnl.gif files



Exercise-2 : Procedure

Calculate Equilibrium Properties

DS and Transmission Data File:
{fram prior siep)

{Calculate Properties
W Charge Neutrality Level

|D|:|5_TE.rnat j

W Transmission and Density of States
Energy Grid
E trun: -14

E mas I—E
dE: |15E—3

Plot Format{s) (if am)
W GIF (Graphic Interchange Format)
[T PDF (Portable Document Format)
M PS5  (PostScrpt)

Output Folder: Ipdt

Calculate Properties |




Exercise-2 : Output
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Exercise-3: Procedure

* First upload the Dos TE.mat filefor PDT fromthe example folder in Output
page (thisfileis aready uploaded in the previous step)

* Next go to main Execute page and select ‘ Calculate Non-Equilibrium Properties
(Non-Self-Consistent Method)’

 From ‘ Calculate Non-Equilibrium Properties (Non-Self-Consistent Method)’' page
select the Dos TE.mat file and then put all other parameter values on the blank
space correctly (parameter values can be obtained from the README filein example
folder of Input page) and push Calculate Properties button

 Inthe ‘Program Status’ page keep pushing Proceed button until it says
* No Programs Executing’. It will take 1 to 3 minutes to finish.

 Then follow the same procedure from the * Calculate Non-Equilibrium Properties
(Self-Consistent Method)’ page to do the self-consistent cal culation

 Then go to the Output page and view gv_eta.gif and gv_scf.qgif files



Exercise-3: Procedure

Calculate Non-Equilibrium Properties (Non-Self-Consistent
MMethod)

DOS and Transmission Data File: IDDS_TE.FI"IEIt =l

(fram priar step)
Equiibrium Fermi Level, E £ [-11.0
Woltage Diwision Factor: IT
WVoltage Grid
V i [«
Womas I4—
Bias Pomnts, MV |2I:I—

Plot Formatis) (if a=y)
W GIF (Graphic Interchange Format)
[T PDF (Portable Document Format)
M PSS  (PostScropt)

Output Folder: Ipdt

Calculate Properties |




Exercise-3: Procedure

Calculate Mon-Equilibrium Properties {(Self-Consistent
MMethod)

DOS and Transmission Data File: |Dos_TEmat =}

{(from prior step)
Equiibrium Fermi Level, E £ [-11.0
Charging Energy, 1T 0 IT
HMumber of Electrons, I _eq: Ifil:l—
Woltage Gnd
V i [+
W omas |4—
Bias Pomts, MW IED—
Cotwergence Parameters
HNumber of Tterations: IF
Convergence Factor: 1e-3
Darnping 0.05

Plot Formatis) [if axy)
¥ GIF (Graphic Interchange Format)
™ PDF (Fortable Document Format)
M P2 (PostSocopt)

{Jutput Folder: IIJdt.




Exercise-3: Output
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Exercise-4 : Procedure

* First upload the Dos TE.mat filefor PDT for asymmetric coupling from the
example folder in Output page (thisfile is already created using Left Coupling
Factor = 1 and Right Coupling Factor = 0.6). Copy the file from pdt_asym directory.

* Next go to main Execute page and select ‘ Calculate Non-Equilibrium Properties
(Self-Consistent Method)’

* From ‘ Calculate Non-Equilibrium Properties (Self-Consistent Method)' page
select the Dos TE.mat file and then put all other parameter values on the blank
space correctly (parameter values can be obtained from the README filein example
folder of Input page) and push Calculate Properties button

 Inthe ‘Program Status’ page keep pushing Proceed button until it says
* No Programs Executing’. It will take 1 to 3 minutes to finish.

» Then go to the Output page and view gv_scf.gif file



Exercise-4 : Procedure

Calculate INon-Equilihrium Properties (Self-Consistent
MMethod)

DOS and Transmission Data File: [Dos_TEmat =}

(from prior step)
Equiibrium Fermi Level, E £ [-10.5
Charging Energy, 170 IT
HMumber of Electrons, I _eq: Ifil:l—
Waoltage Grid
V i [+
W mazx: I4—
Bias Ponts, BV IE:D—
Cotvergence Paratneters
Humber of Tterations: 200
Convergence Factor: 1e-3
Datnping 0.05

Plot Format(s) (if any)
W GIF (Graphic Interchange Format)
" PDF (Portable Document Format)
M P3  (PostScrpt)

Output Folder: |pdt_asmn




Exercise-4 : Output
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Exercise-5: Procedure

* First upload the Dos TE.mat filefor QPC fromthe example folder in Output
page (copy the file from gpc directory)

* Next go to main Execute page and select ‘ Calculate Non-Equilibrium Properties
(Self-Consistent Method)’

 From ‘ Calculate Non-Equilibrium Properties (Self-Consistent Method)' page
select the Dos TE.mat file and then put all other parameter values on the blank
space correctly (parameter values can be obtained from the README filein example
folder of Input page) and push Calculate Properties button

 Inthe ‘Program Status’ page keep pushing Proceed button until it says
* No Programs Executing’. It will take 1 to 3 minutes to finish.

 Then go to the Output page and view iv_scf.gif file



Exercise-5: Procedure

Calculate Non-Equilibrium Properties (Self Consistent Method)

DOS and Transmission Data File:
{fram prior step)
Equilibriun Ferrmi Level E £ -10.5

IDDS_TE.mat j

Charging Energy, U_00:

4]
4]

1T

Mutnber of Electrons, N _eqg
Voltage Grid

Vi

WVoma

Biaz Pomts, MV

Convergence Parameters

]

Mummber of Iterations: ao
Convergence Factor; le-3
Datmping: 0.05

Plot Formatis) {if asmy)
[T GIF ({Graphic Interchange Format)
[T PDF (Portable Document Format)
T PS5 (PostScript)

Crutput Folder: quc

Calculate Properties |



Exercise-5: Output

Current in JA

|-V plot using SCF method

80

-1 -0.5 0 0.5 1
Applied Bias in V

The quantized
conductance is
around 75 pA/V



Exercise - Extra

Huckel-IV: Execute

Hub Directory | Huckel IV | Stepl:Input | Stepd:Execute | Step3:Cutput

Help for Step? Bxecute | User: molecule

Build Density of States (DO8) and Transmission Data Files

Coordinate File: Ipdt_EH.dat TI

Left Right
Position of End Atoms: |1 |12
Pad Distance: |1.008 [1.2085
Coupling Factor: |1 |1
Output Folder: IIIIdt

Build DOS and Transmission Data |




Few wordson Huckel-1VV codes

e All the codes of Huckel-1V are MATLAB codes except one

* Huckel.c isa C code which calculates the Hamiltonian and Overlap matrices
using EHT

e Source codes of Huckel-1VV can be downloaded from the main page of
Huckel-1V on the hub

o All codes are documented and easy to understand



