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ATK Reference Manual

Calculating reaction rates using harmonic transition state theory
Pt diffusion on Pt surfaces using NEB calculations

LiFePO4 is among the typical rechargeable Li-ion battery cathode materials with high energy density and

low cost, while also being environmentally friendly (12 i this tutorial you will use ATK-DFT to estimate
the Li-ion diffusion rates along different crystallographic directions in LiFePOy,.

In particular, you will:
e |mport the LiFePO4 bulk structure.
e Optimize the LiFePO, lattice parameters.

e Create theLi
1—.FePO0y4 structures.

e Optimize the initial and final configurations.
e Create initial NEB trajectories (IDPP interpolation).
e Optimize the Li diffusion path.

e Calculate the reaction rates using harmonic transition state theory (HTST).

Import LiFePO4 bulk structure

The LiFePQ4 structure can be imported from the Crystallography Open Database plugin in QuantumATK.

Click the ® Builder.

Open the From Plugin » Crystallography Open Database.

Select Lj, Fe, P, Oas elements and click the To results button.
Choose Lithium lron Phosphate(V), Simple Orthorhombic(Pnma).

Click Add to stash button.
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It will be automatically loaded in the Builder stash.

Crystallography Open Database n

Basic Advanced Expert Help

Lattice Selected elements: Li, O, P, Fe
Type Al -
a(h) |o.00 $-lwomo 20O . He
w0 e ¢
c®) |o.00 d-lwomo 20O
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a(9 |o.00 d-lwooo 20O
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Co b [ e o] 1 [ Al i 1 P 55 o ¢
Fr Ra
la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No
Only selected elements
To results
Crystallography Open Database n
& Filter... |
Index Name Crystal type Cell volume H-M symbaol Publication Year lad
1 Lithium iron{III) d... Simple Monodinic 2552 P1211 1530
2 Lithium iron{III} p... Simple Orthorha... 286.7 Pbnm 1933
3 Lithium Iron Phos... Simple Orthorho... 29145 Pnma
4 Fel.006Li1.006 ... Simple Orthorho... 29791 Pnma 2011
5 FeliO4p Simple Orthorho... 2914 Pnma 1993
& Lithium Iron Phos... Simple Orthorho... 290,333 Pnma 2012
7 FeLiO4P Simple Orthorho.... 29134 Pnma 2013
8 Felil.104.126 P Simple Orthorha... 29134 Pnma 2013
9 FeliQ4pP Simple Orthorho... 290,84 Pnma 2013
10 Fel.004Li04.12... Simple Orthorho... 290.84 Pnma 2013
11 Lithium iron phos... Simple Orthorha... 29131 Pnma 2013
12 Li3Fe2 (P O4)3 Rhombohedral 1345.15 R -3:H 2000 v
= - - A
FeLiO,4P (Lithium Iron Phosphate(V))
Chemical formula: FeliO.P
Number of elements: 4
Lattice
* Simple Orthorhombic
*a=10.33284
*b =5.0043 4
*c=46977A
*q =90.0%
*p =190.0° v
13 result found. @ Back to search| | [ Download file(s). .. e Add to Stash

New functionality in QuantumATK 2017:

From the QuantumATK 2017 version, crystal structures such as LiFePO,4 can be imported by the
QuantumATK Databases tool as follows: Click the &;, DataBases. See COD (Crystallography Open
Database) and Materials Project. Both are p033|ble to get the LiFePQy4 structure. In the COD case, select
Li, Fe, P, Oas elements and click the Search button.

You can also use the Materials Project database. Choose the Materials Project. Select elements or type
LiFeP0O4. Select one and click the import button, it will be automatically loaded in the LabFloor in the same
way as the COD. In this case, you can get more calculation information including the structure from the
Material Project database.
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@ tutorial (C:\tutorial) - Virtual ManoLab — [m] *®

Project Files | LabFloor

p— »  Bader Charge Analysis A
o2
ﬁ E Text ~| Filetypes ¥ | Groupby Filename ~ »  Computational Chemistry Importer
Builder > Lithium Iron Phosphate(V) 7 Electrode Validator
- Name ¥ mp-12017 > General Info
»  HTST Rates
[ [ LiFePod4_optlog do;
Seripter 1 [] uFePo4 optinc {ei(k)} D ( E) 7 Iv-Generator
i [0 ] LiFePo4_opt.py Oe J > Projected DOS-Generator
mp-19017 mp-19017 mp-19017 mp-18017 »  Thermoelectric Coeffidents
L = 1AM Drnisctar
Custom ] Materials Project - O X
Scripter
f File Upload Help
& -— - =, [®Fier..
. BEEME
Editor oD Formula  Crystal System # of K-points Stability (Energy above hull - eV} Final Energy (eV} ~
- # LFeP04  Orihorhombic .} ] 0 -191,338
Blatenio Rroreck LiFeP04  Orthorhombic 4 0.0150521 572.75
LiFePO4  Manadinic 12 0.0107254 -191.038
Jobs LiFePO4  Manadinic [ 0.0522523 -569.625
LiFePO4  Orthorhombic 3 0.00878631 -191.092
LiFePO4  Monodinic 4 0.00951795 -764.286
LiFePO4  Monodinic 4 0.00689504 -764.58
LiFePO4  Trigonal 12 0.00963255 -286.603
LiFePO4  Orthorhombic & 0.0154661 -572.715
L= LiFePO4  Monodinic 2 00975582 -565,819
LiFePO4  Orthorhombic 3 0.0446599 -190.088
@ LiFePO4  Monodinic 24 0.0379195 -190.276
- ~
Databases LIFEP04 (mE'19017)
Structure
* Crystal System: Orthorhombic
* Spacegroup Symbol: Prma
*Density: 3.47 gfom®
*Volume: 302.30 A%
Calculation Details
* = of K-paints: &
* Enerny Cutoff: 520,00 eV hd
60 results found. 43 Back to search E Download file(s)... Import

For more options, see also Import XYZ, CIF, CAR, VASP files in QuantumATK tutorial.

Optimize LiFePQy4 lattice parameters

You can import the LiFePO 4 structure to the Builder to have a deeper look into the structure.

In order to better compare with the results of reference 3] you can use the Bulk Tools » Swap Axes tool
to swap C<->A and Z<->X. However, by doing so, the configuration will lose the information about the
symmetry type, in this case Simple orthorhombic. Use the Bulk Tools » Lattice Parameters tool to set
the Lattice typeto Simple orthorhombic.

In order to optimize the lattice parameters, send the LiFePO,4 structure from the Stash to the Scripter to set
up a new DFT calculation as follows:

1. Add the [zl New Calculator block and modify the following parameters:

e SGGA-PBE exchange correlation potential
e 7x5x3 k-point sampling

(We will use the the default FHI pseudopotentials and DZP basis set).

2. Add an [2.| OptimizeGeometry block and modify:

e Max forces 0.02 eV/A

e Max stress 0.1 GPa

e Remove check from Constrain cell to allow for cell optimization
Check Save trajectory and specify the file LiFePo4 opt.nc

3. Change default output file name to LiFePo4 opt.nc
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4. Finally, send the script to the JobManager and run the calculation.

It takes about 30 minutes on 8 cores. After finishing the job, open the optimized BulkConfiguration with
object ID gipee2 with the Builder. Check the new optimized lattice parameters which agree to within 0.1
percent with the experimental data.

Create the Li
1—-FePO4 structures

In this tutorial you will study the diffusion of one Li atom for a Li-deficient structure such as Li
1—zFePO0y. In particular, you will remove one of the four Li atoms from the bulk configuration. Note that the

diffusion energy barriers depend on the Li concentration (4]

In the next section you will set up the calculation for the diffusion of a Li atom along two different
directions. You thus need to create initial configurations and final configurations for the same Li atom
diffusing along the B and C directions.

Create initial and final structures for diffusion along B direction

1. Right-click on the configuration on the Stash and make three copies such that you have 4 identical
configurations. We will make initial and final structures for the B and C directions.

2. From the first configuration, delete one Li atom as in the figure below. This will be your initial structure
for the B direction NEB calculations and you can rename it /nitial_B.

€ Builder - O X

File Edit Selection View Windows Help

(ot P, TH9 T2 4

> Builders

initial_B

¥ Bulk Tools
Crystal Symmetry Info
Fit Cell
Merge Cells
Repeat
Stretch Cell
Supercel

¥ Swap Axes
Swap the unit cell axes

A =B B+C C—A

Swap the coordinate system axes

Xey Yz Z+X

Each swap switches the system between right- and left-
handed.

Wrap

Brillouin Zone Viewer...

Lattice Parameters...

> Coordinate Tools

> Device Tools
Stash

A | [*  Graphics

- - - =
> Selection Tools

initial_B final_B initial_C final_C

Add

Copy
Delete

= »
3. Double click the second configuration to make it active. Next rename it final_B. Select the same Li
atom you just deleted from the initial configuration and open the [si¥] Periodic Table tool. Click on Gold
(Au) element to change the Li atom to Gold.
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€ Builder — [m] b4

File Edit Selecton View Windows Help

ot BP0 T9 Q0G24 @

> Builders

final_B

~  Bulk Tools
Crystal Symmetry Info
Fit Cell
Merge Cels
Repeat
Stretch Cell
Supercel

¥ Swap Axes
Swap the unit cell axes

A—B BeC C—A

Swap the coordinate system axes

XY Yz ZeX

Each swap switches the system between right- and left-
handed.

Wrap

Brillouin Zone Viewer...

Lattice Parameters...

> Coordinate Tools

> Device Tools

Stash

Add > Graphics

Copy
>

Delete Miscellaneous
> Selection Tools

initial_B final_B initial_C final_C
O Tip

You are applying this trick to be able to move the Li atom into a specific position. In this case,
the position of the Li vacancy defined by the Gold atom. There are indeed several other
workarounds to build this final configuration, e.g. by copying the coordinates of the original Li
atom you removed. You are welcome to use here the procedure that you find more relevant and
intuitive for you.

4. Select Li atom number 7 (the one next to the Gold atom along the B direction) and use the <}» Move
tool to move it on top of the Gold atom. Be sure that the Snap option is enabled.
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€ Builder — [m] ¥
File Edit Selecton View Windows Help

r==a re=a s ©TD oo 2 @ o9 — = ¥ 1
o o) 9 - 2 foch 5
1o PpRLBET8 TG 24 @

final_E
x () v (&) z (&)
fo 2.34886 [u] 5.16641
r-r
-
View planes Xy | |yx | | xz| |zx | |yz | |2y

Snap @ Cartesian O Fractional

Help... 1 overlapping atoms

Remove overlapping
atoms. Only non-

A Ehats selected atoms will
be removed.
Swap the coordinate system axes
Ky ¥ Z e

Each swap switches the system between right- and left-
handed.

Wrap
Brillouin Zone Viewer. ..
Lattice Parameters...

>  Coordinate Tools

> Device Tools

Add >  Graphics
Copy
Delete > Miscellaneous

>  Selection Tools

= »
5. Use the Fuseoption to remove the Gold atom and your final structure is now ready.

6. Finally, check the Li atom number 6 in the initial_Band final_B configurations. Li atom number 6 should
be moved in the B direction.
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€ Builder — O >
File Edit Selection View Windows Help

f10P PR LTHP2ITHEOC24L @

P
o
-

> Builders

final_B

v Bulk Tools

Crystal Symmetry Info
Fit Cell
Merge Cells
Repeat
Stretch Cell
Supercell

“  Swap Axes

Swap the unit cell axes

A B B+C CeA

Swap the coordinate system axes

XY YeZ FESD 4

Each swap switches the system between right- and left-
handed.

Wrap
Brillouin Zone Viewer...

Lattice Parameters...

> Coordinate Tools

> Device Tools

> Graphics
> Miscellaneous

> Selection Tools

initial_B final_B

Create initial and final structures for diffusion along C direction

Follow the same procedure as above to create the configuration along the C direction. The initial structure
for the C direction is the same as the /ntial_B structure. Rename it /nitial_C. In this case, the final structure
moves Li atom number 4 to the removed Li position (substituted Gold) in the /nital_C structure. Rename
the final structure, final_C.
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€ Builder

File  Edit

1o ¢

Selection  View  Windows  Help

0
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®
o

>  Builders
v (&) z(R)
a a
nber of times the
View planes xy | [yx| [xz]| [2x]| [yz]| [zy]| Eng the A, B, and C-axes.
Snap @ Cartesian O Fractional 2 lc=1
- L=
Help... 0 overlapping atoms Fuse

Lithium (: )
Cartesian: (0, 0, 0) A,
Fractional: {0, 0, 0)

Add
Copy

Delete

ress the Apply button.

Apply

Stretch Cell
Supercell
V¥ Swap Axes
Swap the unit cell axes
C+—A

A«B B+C

Swap the coordinate system axes

XY Yz Z+eX

ach swap switches the system between right- and left-
handed.
Wrap
Brillouin Zone Viewer...

Lattice Parameters...

[

9/17



€ Builder

File Edit Selection View Windows Help

[jo¢ @S0 T 9TER0C24 @

final _C

Stash
Add
Copy
Delete
initial_B final_B initial_C final_C

> Builders

v BulkTools

Crystal Symmetry Info
Fit Cell
Merge Cells
Repeat
Stretch Cell
Supercel

¥ Swap Axes

Swap the unit cell axes

A—B B+—C C+A

Swap the coordinate system axes

Xe¥ Yz Z+X

Each swap switches the system between right- and left-
handed.

Wrap
Brillouin Zone Viewer...

Lattice Parameters...

> Coordinate Tools
> Device Tools

> Graphics

> Miscellaneous

> Selection Tools

Optimize initial and final configurations

[

Send each structure, initial_B, final_B, initial_C and final_C, to the Scripter and set up a geometry
optimization calculation with the same parameters as for the LiFePO,4 structure. However, in this case you
will not optimize the lattice parameters. Check the Constrain cell option as indicated below.
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[%] Optimize Geometry ? x

Optimize Geometry

Force tolerance | 0.05 | ev/R

Stress tolerance | a. 1| GPa hd
Maximum number of steps |2IZJU = |

Maximum step size | U.2| &

Optimizer Method LBFGS -

Lattice Constraints

Constrain Lattice Vectors X Y ! z
Constrain Bravais Lattice: Unit Cell

Target Stress

Isotropic pressure 0

Stress Tensor

Atomic Constraint Editor

Save frajectory |ir1itiaI_B.r|c|

1o
Save Print

File |ir1itiaI_El.r|c | Label| |

Moreover, in this case you can use the unpolarized GGA.PBE functional. This will allow you to run your
calculation much faster. Here you can download the four input scripts: & initial_B.py, & final_B.py,
& initial_C.py and & final_C.py.

Create initial NEB trajectories

The tutorial Pt diffusion on Pt surfaces using NEB calculations will teach you how to set up the NEB
object. Here we will highlight only the main steps.

1. When the optimization of the end points are done you will find the optimized configurations loaded in
the LabFloor with object ID equal to g/D002. Drag and drop these BulkConfiguration objects directly
into the Builder.

2. In the Builder open the Builders » Nudged Elastic Band plugin and drag and drop from the Stash the
initial and final configurations corresponding to the diffusion of a Li atom along the B direction,

initial B.nc and final B.nc configurations.
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€ Builder — O *

File Edit Selection View Windows Help

(1o P~0s%H9FH00 24

¥ Buiders

MEE: initial_B.nc final_B.nc

AFM Cantilever Tip
Amorphous Prebuilder
Icosahedron Builder
Interface

Nanowire

~  Nudged Elastic Band

The NEB consists of the initial and final configurations plus a
number of intermediate configurations. To generate a MEB,
drop two configurations to the drop zones Initial and Final -
then press Create.,

Initial

B SO | [ ] [=

The intermediate configurations are interpolations between the

initial and final configuration. The initial, final, and intermediate
configurations are called images. Below you can choose the
Methed used to generate the NEB, as well as the Maximum
distance between the images.
< > Constraints
Method Image Dependent Pair Potential *
R ™ || Maximum dist, | 0.40 & |
Copy
Tike [ use minimum image convention
Distance 314
initial_B.nc final_B.nc initial_C.nc final_C.nc Image count 9
Create
v W

3. Select the /mage Dependent Pair Potential interpolation method and use 9 images including the end
points.

4. Create the initial Li diffusion path along C direction with the initial C.nc and final C.nc
configurations. Use 9 images with 0.8 A maximum distance including the end points .

Optimize Li diffusion path
You are now ready to set up and optimize the Li diffusion path in LiFePO 4.

1. Send the two NEB objects from the Stash to the Scripter.

2. Add and set up a | New Calculator with the same settings as for the calculators of the end points.
3. Add a|¢. | OptimizeGeometry block and be sure to select the Climbing Image Method.

4. Finally, run the two NEB calculations & neb_B.py and & neb_C.py.

Note that as described in the Pt diffusion on Pt surfaces using NEB calculations, you can run this
calculation in parallel over many MPI processes. In particular, a NEB run is parallelized over the internal
images. ATK will try to detect the best parallelization strategy and it will write a small report at the
beginning of your log file.

In this example, you will immediately see that a load balance problem has been detected. However, 2 out

16 cores will be idle, so it is a rather small loss of efficiency, not “greatly reduced” as it says in the log file

below. It takes about 2 hours in 16 processes. You can also change the number of MPI processes you are
using to achieve the best performance.
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Total number of interior images: 7 |
Total number of processes: 16 |
Processes per image: 2 |
Images calculated in parallel: 8 |

|

Process group # 0 will calculate images: 1 |
Process group # 1 will calculate images: 2 |
Process group # 2 will calculate images: 3 |
Process group # 3 will calculate images: 4 |
Process group # 4 will calculate images: 5 |
# 5 will calculate images: 6 |

Process group # 6 will calculate images: 7 |
Process group # 7 will be idle! |
|

WARNING: Load balance problem detected.
The number of interior images calculated in parallel is not a |
divisor of the number of interior images. This will greatly |
reduce parallel performance. Either modify the parameter |
"processes per image" or the number of MPI processes.

With 2 processes per image ideal performance will be obtained |

|
|
|
|
|
|
|
|
|
|
| Process group
|
|
|
|
|
|
|
|
|
| by using 14 MPI processes.

You can speed up the optimization by first running a simple NEB calculation with a high force
tolerance, e.g. 0.08 eV/A, and without using the Climbing Image Method. This will in general be a
faster calculation giving you a rough estimate of the energy barrier and the diffusion path. After this

step, you can set up a more precise NEB run and also use the climbing method to finalize your results.

Analyze the results

Once the calculation is properly converged you will find the optimized NudgedElasticBand object loaded in

the LabFloor

Always remember to check the log file at the end of your simulation. In particular, check that
convergence is achieved:

R R R +
| NEB Optimization using the LBFGS optimizer |
R R R e +
| Iteration Step Length Max. Force Max. Energy Image Max. Energy |
R R e +
| 0 0.000e+00 1.473e+00 4 0.925917
| 1 4.825e-02 1.362e+00 4 0.794101
| 23 1.220e-02 2.772e-01 4 0.405770
| 24 3.731e-03 4.938e-02 4 0.404796
R R e +
| NEB optimization converged after 24 steps. |
R e +

In the two figures below, the optimized Li diffusion process for the Li atom moving along the B and C
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directions are illustrated by using the Movie Tool plugin.
B Movie Toad - 0O .
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@ Movie Tocl - ] b4
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L ]
10 ‘ :
Cli
|
0.5 ..
4"
. -
0.0 h

Reaction coondimate (A]

‘DOO"I" ﬂﬁ*f T 0 (] [== 2] W

While the Li atom can more easily move along the B direction with 0.39 eV energy barrier, you found a high
energy barrier, 2.3 eV for the Li atom moving along the C direction. The results are in agreement with

reference [4].

Calculate the reaction rates using harmonic transition state theory

For detailed information about how reaction rates are calculated and the theory behind the harmonic
transition state theory please refer to the Calculating reaction rates using harmonic transition state
theory.

To set up the analysis:
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1. Open the Scripter.

2. Double click on Analysis from file and select the neb B.nc configuration with object ID g/D0017.

3. Add the HTSTEvent analysis and set the prefactor to 1e+13 1/s.

@
-
Blocks Script
o . @ Analysis from File
| New Caloulato [E et

e

A A + Camf
Adjust Co

E

11| mritial State
- Optimization

Analysis

)

=[¥l Analysis from File

(& HTST Event

Qurata HTST Event
Prefactor

(@ SetPrefactor

Prefactor Value

1e+13| 1z

() Calculate Prefactor

Finite Difference Method Central

Minimum Displacement

- IO

Global IO
Default output file

Script detail

4. Run the analysis which will only take a minute. Here is the input script. & HTST_analysis.py

The time required for an HTSTEvent analysis strongly depends on whether or not the prefactor is

Save Print

neb_B.nc
File | neb_B.nd|

Minimal

.| Label

0.05 A

assumed or calculated. If you need to calculate the prefactor, it can take a long time, depending on the

method and system. Therefore, it is usually a very good approximation to assume the prefactor for

solid state reactions like bulk diffusion.

In order to visualize the results from the HTSTEvents analysis, select the corresponding object from the
LabFloor and select the H7ST Rates plugin on the right hand side.
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HTST Event Information
Forward Event
Prefactor 1.000e+13 1=
Barrier 0.3962 eV
Reverse Event

Prefactor 1.000e+13 1/s
Barrier 0.3915 eV

Rate

Temperature 3000 5| K

Forward Rate 2.213e+06 1/s
Reverse Rate 2.696e+06 1fs

Flat Options

Min. Temperature K
Max. Temperature K

Arrhenius Plot

Here, you can calculate the forward and reverse reaction rates for your diffusion mechanism. In this case
you will find these two values to be very close to each other because the initial and final states are
essentially equivalent.

Here, you can also set the options for an Arrhenius plot:

€ Arrhenius Plot - neb_B.nc - O x
Temperature (K)
1000 667 500 400 333 286 250 222 200
1012 . . . . . . .
: —  Forward Reaction

e L RS S, U SRS St O SO AR

LT+ 1 'RCECTRUUUUNS TOUSURURRU SUTRPRS S U SRR S S

Reaction Rate (s7!)

YL U S SO SRR SRS SO SR
1 R SR S NS .

103 I i I I I i I
1.0 15 2.0 25 3.0 35 4.0 4.5 5.0

Inverse Temperature (K™') le—3
The table below summarized the results found in this tutorial.

Table 2 Table: energy barriers (eV) and
reaction rates (s’!) calculated at 300 K for
Li diffusion in Li
1—zFePOy4 along the B and C directions.
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Direction Barrier k

HTST
B 0.39 2.6 x10°
c 2.30 1.9x 1026
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