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outline of today session
THEORY ABOUT :
• ENERGY BARRIERS (Nudged Elastic Band approach)
• SOME TECHNICALITIES that have to do with FORCES:
-  stress; condition of minimum energy vs. zero stress
• variable cell calculations 
• CORE LEVEL SHIFTS

HANDS-ON:
• charge density distribution: total and charge rearrangements 

(e.g.: in small molecules by difference)
• energy barriers “by hand” in simple cases (e.g.: proton transfer)
• …

• OTHER POSSIBLE POST-PROCESSING TOOLS



nudged elastic bands 

calculation of:

 energy barriers, transition states, reaction pathway


We have to know at least TWO IMAGES :

first (initial state)   and  last (final state) 
corresponding to “reactants” and “products” 

and we want to know what happens in between…
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nudged elastic bands 

If we know:  the initial state (first)  and  final state (last) 
corresponding to “reactants” and “products” 

and we want to know the reaction pathway, i.e. what 
happens in between; even better, the minimum energy path 
(MEP) 

or at least which is the transition state (TS), that determines 
the energy barrier for the “reaction” to occur
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In some cases the TS is well defined by symmetry and 
barriers can be calculated “by hands” following physical 
intuition and studying directly the TS configuration

(e.g. in this example: TS corresponds to N in-plane with H3)

 Energy barriers, transition states, reaction pathway 
“by hands”: NH3 umbrella inversion barrier
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Example17: collinear proton transfer
variable elastic constants

 Energy barriers, transition states, reaction pathway 
“by hands”: collinear proton transfer today
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 Energy barriers, transition states, reaction pathway 
“almost” “by hands”: epoxy diffusion on graphene
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Ex4: Epoxy group diffusion
Use the NEB method to calculate the activation energy and mechanism of O 

diffusion on graphene

Initial State Final State

• Calculate the optimized structure for the final state and check that IS 
and FS have the same energy

bsub -n 4 "openmpi_wrapper pw.x < graphene3-O-FS.in > graphene3-O-FS.out"   

Thursday, April 24, 14

?
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diffusion of vacancies in silicon

chemical reactions

but in most other cases, even rather simple, 
the TS is not at all obvious…

 Energy barriers, transition states, reaction pathway
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a few examples

� �
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initial

final

swap between Ni and Cu atoms on Cu surface

TS

 Energy barriers, transition states, reaction pathway
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a few examples
activated adsorption of a molecule (CO2) on a surface Ni(110) from gas phase 

 Energy barriers, transition states, reaction pathway
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Rare Events
an alternative approach

The transition probability can be estimated using equilibrium statistical mechanics.

Once the saddle point has been located we can use harmonic Transition State Theory
(hTST) to calculate the rate constants:

Kreactants−→products = A× e
−

EA
KBT

Saddle points are unstable configurations and their location is a difficult task

 Energy barriers, transition states, reaction pathway
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Saddle points in multidimensions: the Mueller Potential

The path with the ”highest” transition probability is the Minimum Energy Path.

MEP: the components of the force orthogonal to the path are zero.

− (∇V (x(s)) − τ(s)〈τ(s)|∇V (x(s))〉) = 0

 Energy barriers, transition states, reaction pathway
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 Energy barriers, transition states, reaction pathway

Müller-Brown Potential

The Müller-Brown potential (Theoretica Chimica Acta, 53, 75-93, 1979) is a classic 
2D benchmark for testing optimization algorithms and molecular dynamics 
methods, since it captures the essential topology of chemical reaction landscapes

It is a two-parametric model surface combining four two-dimensional Gaussian 
functions with : each Gaussian contributes a different “bump” or “well” to the 
landscape. The parameters control amplitude, width, orientation, and center 
position.
Three terms have negative amplitudes (creating energy wells), while the fourth has 
a positive amplitude (creating a barrier).  A third Gaussian has a mixed term 

 that creates a tilted orientation that gives the surface its 
characteristic curved pathways.

The simple formula creates a rich topography with exactly the features needed to 
challenge optimization algorithms:
Energy and gradients can be calculated analytically

∝ (x − x0)(y − y0)
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Saddle points in multidimensions: the Mueller Potential

The path with the ”highest” transition probability is the Minimum Energy Path.

MEP: the components of the force orthogonal to the path are zero.

The MEP goes through the saddle point

Let us connect subsequent images by springs that only operate along the path  

 Energy barriers, transition states, reaction pathway

images
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NEB on the Mueller PES

=⇒

starts from building 
images obtained 

by interpolating the 
first and the last


but we can supply 
also some 
intermediate images 
to build a better initial 
reaction path (if our 
physical/chemical 
intuition guides us…)


optimize the path on 
the PES by using 

“springs”


 Energy barriers, transition states, reaction pathway



nudged elastic bands 

PWneb is part of the Quantum ESPRESSO distribution and 
uses the PWscf package as electronic-structure computing 
tools (“engine”)


executable : neb.x

16

 Energy barriers, transition states, reaction pathway



Running  NEB
in this case, the input file contains a NEB-specific part with some 
keywords and a part for the “engine” (the PWscf electronic 
structure calculation):

5 Using PWneb

NEB calculations with neb.x can be started in two di↵erent ways:

1. by reading a single input file, specified with the command line option -i (or -in, or -inp
);

2. by specifying the number N of images with the command line option -input images N,
and providing the input data for PWneb in a file named neb.dat and for the PWscf engine
in the files pw X.in (X = 1, ..., N , see also below).

In the first case, the input file contains keywords (described here below) that enable the
code to distinguish between parts of the input containing NEB-specific parameters and parts
containing instructions for the computational engine (only PW is currently supported).
N.B.: the neb.x code does not read from standard input, so that input redirection (e.g., neb.x
< neb.in ...) cannot be used.

The general structure of the file to be parsed should be as follows:

BEGIN
BEGIN_PATH_INPUT
~... neb specific namelists and cards
END_PATH_INPUT
BEGIN_ENGINE_INPUT
~...pw specific namelists and cards
BEGIN_POSITIONS
FIRST_IMAGE
~...pw ATOMIC_POSITIONS card
INTERMEDIATE_IMAGE
~...pw ATOMIC_POSITIONS card
LAST_IMAGE
~...pw ATOMIC_POSITIONS card
END_POSITIONS
~... other pw specific cards
END_ENGINE_INPUT
END

After the parsing is completed, several files are generated by PWneb, more specifically:
neb.dat, with NEB-related input data, and a set of input files in the PWscf format, pw 1.in,
. . . , pw N.in, one for each set of atomic position (image) found in the original input file. For the
second case, the neb.dat file and all pw X.in should be already present in the directory where
the code is started. A detailed description of all NEB-specific input variables is contained in
the input description files Doc/INPUT NEB.*, while for the PWscf engine all the options of a scf
calculation apply (see PW/Doc/INPUT PW.* and example01 in the NEB/examples directory).

A NEB calculation will produce a number of output files containing additional information
on the minimum-energy path. The following files are created in the directory were the code is
started:

prefix.dat is a three-column file containing the position of each image on the reaction co-
ordinate (arb. units), its energy in eV relative to the energy of the first image and the
residual error for the image in eV/a0.

5

<= optional

Running neb.x, first of all the neb.dat file and several pw_X.in 
input files are generated



NEB input variables

BEGIN
BEGIN_PATH_INPUT
&PATH
  restart_mode  = 'from_scratch'
  string_method = 'neb',
  nstep_path    = 20,
  ds            = 2.D0,
  opt_scheme    = "broyden",
  num_of_images = 7,
  k_max         = 0.3D0,
  k_min         = 0.2D0,
  CI_scheme     = "auto",
  path_thr      = 0.1D0,
/
END_PATH_INPUT
BEGIN_ENGINE_INPUT
.....
END_ENGINE_INPUT
END

Number of points used to discretize the path (>3)

Automatic choice of the climbing image

Number of ionic+electronic steps

(alternative: “no-CI” [default] or “manual”)
Threshold for the norm of the force
orthogonal to the path, in eV/A

NEB-specific part 

Detailed explanation of all keyword in:
http://www.quantum-espresso.org/Doc/INPUT_NEB.html

http://www.quantum-espresso.org/Doc/INPUT_NEB.html


NEB input variables
Detailed explanation of all keyword in:
http://www.quantum-espresso.org/Doc/INPUT_NEB.html

part for the “engine”...
ATOMIC_SPECIES
H    1.01  H.pbe-rrkjus.UPF 
BEGIN_POSITIONS
FIRST_IMAGE
ATOMIC_POSITIONS { angstrom }
H   -3.00  0.0  0.0  1  0  0
H    0.00  0.0  0.0  0  0  0
H    0.75  0.0  0.0  1  0  0
LAST_IMAGE
ATOMIC_POSITIONS { angstrom }
H   -3.00  0.0  0.0  1  0  0
H    0.00  0.0  0.0  0  0  0
H    0.75  0.0  0.0  1  0  0
END_POSITIONS
K_POINTS { gamma }

END_ENGINE_INPUT

mandatory

mandatory
optional intermediate images here

http://www.quantum-espresso.org/Doc/INPUT_NEB.html


Running  NEB

&PATH
  restart_mode  = 'from_scratch'
  string_method = 'neb',
  nstep_path    = 20,
  ds            = 2.D0,
  opt_scheme    = "broyden",
  num_of_images = 7,
  k_max         = 0.3D0,
  k_min         = 0.2D0,
  CI_scheme     = "auto",
  path_thr      = 0.1D0,
/

Alternative way:   specify the number N of images with the 
command line option -input_images N, and providing the 
input data for PWneb in a file named neb.dat and for the 
PWscf engine in the files pw_X.in (X = 1, ..., N).

&control
    calculation =...
/
&system
        ibrav =...
/
&electrons
...
ATOMIC_POSITIONS 
{ angstrom }
...

neb.dat pw_X.in

$[path]/neb.x -input_images [N]



num_of_images = 7
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if the number of images is odd, the central image will be the transition state.

 Energy barriers, transition states, reaction pathway 
collinear proton transfer
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Example17: collinear proton transfer
variable elastic constants

 Energy barriers, transition states, reaction pathway 
collinear proton transfer

if the number of images is even, there is NOT a central image. 
The transition state can be reached by “climbing” the hill.



Example: epoxy diffusion on grapheneEx4: Epoxy group diffusion
Use the NEB method to calculate the activation energy and mechanism of O 

diffusion on graphene

Initial State Final State

• Calculate the optimized structure for the final state and check that IS 
and FS have the same energy

bsub -n 4 "openmpi_wrapper pw.x < graphene3-O-FS.in > graphene3-O-FS.out"   

Thursday, April 24, 14

?
(optimized) (optimized)



Example: epoxy diffusion on graphene



NEB: some advice

1) in the previous example, CI_scheme=“auto” is fine.

Caution in other (non symmetric) cases!  Difficult convergence if the CI image 
change during the optimization process.  Better to start with “no-CI”, then 
restart with CI .

2) Carefully choose the initial path. If images are not explicitly provided, the 
code makes a linear interpolation of the atomic positions between 
consecutive input images (only initial and final are mandatory): troubles if 
some atoms overlap or get very close in some of the interpolated images!

3) For large system, start with low accuracy, and then increase it to refine the 
results. Keeping fixed some atoms and relaxing them later on, may also help.
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other technicalities: 

minimum of energy versus stress
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homogeneous deformation

r −→ r′ = (1 + ε)r

stress

σ = −
1

Ω

∂E

∂ε

It’s a first order derivative (Hellman-Feynman)

-> NO NEED to know how electrons re-adjust

-> NO NEED to know how internal coordinates change

can be computed from the GS wavefuctions assuming

homogeneous deformation

Nielsen and Martin Phys.Rev.Lett. 50, 697 (1983),

Nielsen and Martin Phys.Rev. B 32, 3780 & 3792 (1985).

STRAIN, STRESS (and PRESSURE) 

strain

If we are interested just in homogeneous deformation (scalar ε),

we can obtain σ directly from the ground state wavefunction (no 
need of doing dE/dε by hand…)
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prompt> $QE/bin/pw.x < Si.scf.in > Si.scf.out
prompt> less Si.scf.out
... ... ...

! total energy = -15.82676466 Ry
Harris-Foulkes estimate = -15.82676466 Ry
estimated scf accuracy < 4.5E-09 Ry

The total energy is the sum of the following terms:

one-electron contribution = 4.80030732 Ry
hartree contribution = 1.09369711 Ry
xc contribution = -4.82101051 Ry
ewald contribution = -16.89975858 Ry

convergence has been achieved in 6 iterations

entering subroutine stress ...

total stress (Ry/bohr**3) (kbar) P= -13.29
-0.00009036 0.00000000 0.00000000 -13.29 0.00 0.00
0.00000000 -0.00009036 0.00000000 0.00 -13.29 0.00
0.00000000 0.00000000 -0.00009036 0.00 0.00 -13.29

e.g.: Si STRAIN, STRESS (and PRESSURE) (done)

done
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STRESS (and PRESSURE) 
Minimum energy is not exactly zero pressure!!!

min: 10.24

zero stress

at 10.15

directly calculated from QE (Hellman-Feynman) 
calculated as derivative of the energy 


calculated from QE
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… and constant energy cutoff does not mean constant NPW

finer sampling in the lattice parameter range
emphasizes discontinuities

due to different size of the basis set 
(NPW: number of plane waves)
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Note on incompleteness of the PW basis set

Practical calculations are invariable performed with
a cuto↵ ”as low as possible”, sometimes quite far
from convergence. The consequence are especially
visible when comparing the E(V ) curve at fixed
cuto↵ and the same at fixed number of plane waves:
the curve at low cuto↵ is ”rigged”, the pressures
calculated from the stress and from the equation of
state do not match. This is a manifestation of the
Pulay incomplete-basis-set error on the stress: plane
waves depend upon the strain via the unit cell.

The strategy ”fixed cuto↵ + fit to an EOS” converges
faster than fixing the number of PWs. The latter
is equivalent to locating the zero of the computed
pressure (via the stress).

The incompleteness of basis set is not as serious as it may look: energy di↵erences
between di↵erent structures, structural parameters such as lattice parameters and
bond lengths, converge much quicker than absolute energies.

but don’t worry too much….
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other tools (not post-processing,  
but nested with the scf cycle): 

Variable cell 



How to perform variable-cell relaxation? 

“by hands”: suppose we have a cell with 2 or more 
parameters (e.g., a and c) and we need to optimize them 
=> 
perform multiple scans over the parameters?

Variable-cell relaxation: in some cases this can be a 
more convenient option 

• calculation = ’vc-relax’
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Alumina (Al2O3): 30 atoms 
(12 Al - grey ;
18 O - red)
hexagonal cell a

c



39

core level shifts

https://doi.org/10.1016/j.carbon.2021.01.120



core level shifts

40

calculated as the binding energy difference 
(=total energy differences for ground and excited states) 
between atoms in different chemical environments, using a 
core-excited pseudopotential to model the final state.

Final state approximation (FS or ΔSCF): uses a “core-
hole” pseudop. where one electron is removed from the core (e.g.

) of the target atom to calculate the total energy differences.1s

1. Generate Core-Hole Potential: Use specialized, core-
excited pseudopotentials.

2. SCF Calculation: Run pw.x to obtain total energy with the 
core hole.

3. Calculate Shifts: Subtract the total energy of the reference 
system (e.g., bulk) from the target system (e.g., surface).



core level shifts
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E. Pehlke and M. Scheffler - http://link.aps.org/doi/10.1103/
PhysRevLett.71.2338
J. N. Andersen, D. Hennig, E. Lundgren, M. Methfessel, R. Nyholm, and
M. Scheffler  - http://link.aps.org/doi/10.1103/PhysRevB.50.17525

PSEUDOPOTENTIALS:

necessary to define a normal pseudopotential and a core-
excited one for the atom of interest, consistent with each 
other (functional, parameters, ecc..), since the two  pseudopotentials 
describe the same atomic type, only with a different, core-
excited, electronic configuration.



e.g. surface core level shifts (SCLS)
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1=> in bulk	
2=> on surf	

 1) Make a regular SCF calculation of the slab 
where the core-excited pseudopotential is used 
for the reference atom (e.g., 1)


 2) Make other SCF calculation for the selected 
atom (e.g. 2) in which only this one is described 
by the core-excited pseudopotential (and 1 by 
normal pseudop.)


 3) Calculate the ground state (GS) energy 
difference between the last SCF calculation (2) 
and the one for the reference atom (1).

This difference is the FS core-level shift.

1

1
2

2



core level shifts
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We can doubt that differences in total energies using pseudopotentials are not correct…

In the following we justify the procedure, comparing pseudopotentials (PS) energies with all-
electron (AE) energies




core level shifts
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core level shifts
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The end


