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Convergence in DFT

• Systematically reducing numerical errors (by increasing 

computational sampling) until they become “acceptable”. 

• Convergence is a critical step in computer simulations. 

Without proper convergence, results could lead to incorrect conclusions.

Convergence is essential for publishing accurate and reproducible data.



The Real Space Grid in SIESTA



Sampling

Real space Reciprocal space

• Potentials

• Densities

• Basis

• Density of states

• Band Structure

Real-space mesh for localized orbitals.

The mesh density must be high enough

to accurately represent the electronic

density and potentials.

Reciprocal-space grid for sampling

the Brillouin Zone of the periodic

structure.

Both grids need independent convergence tests.



The Real Space grid: mesh cutoff

Δ𝑥 → 𝑘𝑐 =
𝜋

Δ𝑥
→ 𝐸𝑐 =

ℏ2𝑘𝑐
2

2𝑚𝑒

Energy units (Ry)

Fineness Maximum energy avoiding aliasing

MeshCutoffΔ𝑥 𝐸𝐶𝑢𝑡𝑜𝑓𝑓



Real space grid: MeshCutoff

• What is it set by the user? 

Mesh.Cutoff 300 Ry (default)

• What is set by siesta? 

MESH = 18 x 18 x 30 = 9720

Mesh cutoff (required, used) =   100.000   101.039 Ry

• How can one decide the good value?

Minimize the total energy. 

Total (equilibrium) force to zero.

Reasonable time (relatively small systems)

Mesh.Cutoff 100 Ry



Real space grid: MeshCutoff

Energy siesta: Final energy (eV):

Results for methane (CH4)



Real space grid: MeshCutoff

ForceTime

Results for methane (CH4)

siesta: Atomic forces (eV/Ang):TIMES file

UseTreeTimer T



The Real Space grid: egg-box effect

Solution:

- Increase Meshcutoff
- Use “grid-cell-sampling”

MgO𝛿𝑧𝑠ℎ𝑖𝑓𝑡 =
1

𝑀𝑧

1

10

%block AtomicCoordinatesOrigin

0.0 0.0 0.0

%endblock AtomicCoordinatesOrigin



Real space grid: Summary & friendly some recommendations

Mesh cutoff controls fineness of real-space grid: must be tested for each system

Increasing cutoff & monitor Etotal (and forces) to identify the converged values

Balanced accuracy vs performance: higher cutoff helps reducing numerical errors 

but increase computational cost

The egg-box effect occurs when the total energy oscillates due to the finite grid 
Increase the mesh cutoff in steps

Guidelines & Best Practices (please take them carefully)

- Molecules: 100–150 Ry often sufficient

- Bulk solids: 150–250 Ry typical
- Heavy atoms, sharp densities: may require 300+ Ry

- For supercells: choose cutoffs that give grid sizes divisible by replication factors

- Converge energies (< 1 meV/atom) and forces (< 0.01 eV/Å)

- Only relax atoms (and move to more complex calculations) after cutoff is chosen



Reciprocal Space



Reciprocal Space

K-points are points in reciprocal space that represent electronic states in a periodic crystal. 

They are essential for accurate electronic structure calculations.



Reciprocal Space Grid: k-mesh

● What is it set by the user? 
○ kgrid_cutoff
○ Monkhorst Pack grid

● What is set by siesta?
○ SystemLabel.KP

● How can one decide the good value?
○ Must consider the ratio between the lattice vectors.

○ Check:
■ DOS
■ Bandstructure

○ For metallic systems more k points will be needed.

%block kgrid_Monkhorst_Pack

6  0  0    0.0

0  6  0    0.0

0  0  1    0.0

%endblock kgrid_Monkhorst_Pack

kgrid_cutoff 10.0 Ang

22           

1 -0.447497E+00 -0.258363E+00  0.000000E+00   0.555556E-01           

2 -0.223749E+00 -0.129181E+00  0.000000E+00   0.555556E-01           

3  0.000000E+00  0.000000E+00  0.000000E+00   0.277778E-01           

4  0.671246E+00  0.387544E+00  0.000000E+00   0.277778E-01           

5 -0.447497E+00  0.111022E-15  0.000000E+00   0.555556E-01           

6 -0.223749E+00  0.129181E+00  0.000000E+00   0.555556E-01           

7  0.000000E+00  0.258363E+00  0.000000E+00   0.555556E-01           

8  0.223749E+00  0.387544E+00  0.000000E+00   0.555556E-01           

9  0.447497E+00  0.516726E+00  0.000000E+00   0.555556E-01          

10  0.671246E+00  0.645907E+00  0.000000E+00   0.555556E-01          

11 -0.447497E+00  0.258363E+00  0.000000E+00   0.555556E-01          

12 -0.223749E+00  0.387544E+00  0.000000E+00   0.555556E-01          

13  0.000000E+00  0.516726E+00  0.000000E+00   0.555556E-01          

14  0.223749E+00  0.645907E+00  0.000000E+00   0.555556E-01          

15  0.447497E+00  0.775088E+00  0.000000E+00   0.555556E-01          

16  0.671246E+00  0.904270E+00  0.000000E+00   0.555556E-01          

17 -0.447497E+00  0.516726E+00  0.000000E+00   0.277778E-01          

18 -0.223749E+00  0.645907E+00  0.000000E+00   0.277778E-01          

19  0.000000E+00  0.775088E+00  0.000000E+00   0.277778E-01          

20  0.223749E+00  0.904270E+00  0.000000E+00   0.277778E-01          

21  0.447497E+00  0.103345E+01  0.000000E+00   0.277778E-01          

22  0.671246E+00  0.116263E+01  0.000000E+00   0.277778E-01
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Reciprocal Space Grid: k sampling
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How do I plot PDOS & Band Structures

A look at the SIESTA suite:



Utilities & others: plotting DOS



Utilities & others: plotting DOS



Utilities & others: plotting band structure



Utilities & others: plotting band structure



Utilities & others: plotting band structure



Reciprocal space: Summary & friendly some recommendations

Convergence k-point sampling is key for reliable periodic DFT results. 

Use a single k-point (Γ-point) for isolated molecules, or very large systems. 

Periodic systems require more k-points. 

2D systems & slabs: sample in-plane only; kz=1 is fine if vacuum 

Always validate with energy, forces, DOS, and band structures.

Guidelines and Best Practices (once again, to be taken with extreme care)

- Insulators/semiconductors: start with 4×4×4 or 6×6×6 for a few-atom unit cell

- Metals: dense meshes needed (20×20×20 or higher) / electronic T can also help 

- Always monitor Fermi level shifts.

- Spiky DOS: denser k-grid or larger broadening. 

- Misaligned bands: check consistent k-paths. 

- Fermi level jumps: increase grid, include high-symmetry points. 

- Slow SCF: reuse density matrix, adjust mixing. 

- High computational cost: test on smaller cells, transfer to full system.



SCF Convergence



SCF Convergence

The physical quantity that 

is mixed:
Density matrix

Hamiltonian matrix

Mixing algorithm:
Linear

Broyden

Pulay

Initial guess

Calculate effective potential

Solve KS equation

Calculate electron density

Output quantities

Self-

consistent

?

Yes

No

N previous steps



SCF convergence

● SCF.Mix [default Hamiltonian]: 
○ Density -> for systems hard to converge

○ Hamiltonian 

● SCF.MixerMethod [default Pulay]

○ Linear

○ Pulay

○ Broyden

● SCF.Mixer.Weight [default 0.25] 

○ 0.001 hard to converge systems ->lots of steps

○ 0.4 easier systems -> reduce steps

● SCF.Mixer.History [default 2]

● Max.SCF.Iterations [default 1000]

● SCF.DM.Converge F [default T]

● SCF.H.Converge F [default T]

SCF.Mix Hamiltonian

SCF.MixerMethod Pulay

SCF.Mixer.Weight 0.3

SCF.DM.Tolerance 10-4

SCF.H.Tolerance 10-3 eV

Max.SCF.Iterations 75

SCF.MixerMethod pulay

SCF.Mixer.Weight 0.2

SCF.Mixer.History 5

More advanced options … (manual)

All of them strongly 

dependent on the system!

Oscillating Etotal could indicates poor mixing 



SCF convergence

Results for methane (CH4)

SCF cycle converged

SCF_NOT_CONV:



How do I converge the whole calculation?

1. Optimize the Basis set

2. Converge real space mesh: Energy

3. (Converge K grid: increase it for metallic systems)

4. SCF mixing



Let’s play!



How is the material organised?

tutorials/basic/
├── grid_convergence/ 
│├── 01-CH4
│├── 02-MgO 
├── kpoint_convergence/ 
│├── 01-graphene
│└── 02-diamond
│└── 03-graphite
└── scf_convergence/ 
└── 01-CH4
└── 02-Fe_cluster

my_workspace/siesta-docs/work-files/tutorials/basic/



OBJECTIVES

Compare input vs generated mesh 

Progressively increase the Cutoff in the CH4 example, and plot: 

• Total Energy (and ΔE, using highest cutoff as reference)

• Forces

• Computational time

Test egg-box effect in MgO unit cell

• Total Energy vs mesh shift

• Forces

• Computational time

Tutorial #1: Real Space Grid convergence



Tutorial #1: Real Space Grid convergence

basic/grid_convergence

├── 01-CH4/ 

INPUTS FOLDER

siesta/ 

├── exercise-day3-grid_convergence/

OUTPUTS FOLDER

1. Copy all files from the input folder to the exercise folder.

2. In this exercise you will do a scan modifying the mesh cutoff value.

Mesh cutoff: 30 60 90 120 150 180 210 240 270 300

siesta:         Total =    -221.815381Everything

depends on how

you organize it

│├── create_your_own_folders



Tutorial #1: Real Space Grid convergence 



DZP

50-100 meV

150 Ry

Tutorial #1: Real Space Grid convergence 



OBJECTIVES

Check k-point convergence

Plotting electronic structure features

• PDOS 

• band structures

Try different materials: graphene, diamond, graphite

Tutorial #2: Reciprocal Space k-grid convergence



Tutorial #2: Reciprocal Space k-grid convergence



siesta/kpoint-convergence

├── 01-graphene/ 

INPUTS FOLDER

siesta/ 

├── exercise_day3/

OUTPUTS FOLDER

1. Copy all files from the input folder to the exercise folder.

2. In this exercise you will do a scan modifying the Monkhorst_pack block.

Monkhorst block: 1, 2, 3, 4, …

siesta: k-grid: Number of k-points = 22

│├── create_your_own_folders

Y 0 0

0 Y 0
0 0 1

1 0 0

0 1 0
0 0 1

Using: Y=1

2 0 0

0 2 0
0 0 1

Using: Y=2

Tutorial #2: Reciprocal Space k-grid convergence



Tutorial #2: Reciprocal Space k-grid convergence



Tutorial #2: Reciprocal Space k-grid convergence



siesta/kpoint-convergence /

├── 01_graphene/ 

INPUTS FOLDER

siesta/ 

├── exercise_day3_kpoints2/

OUTPUTS FOLDER

1. Copy all files from previous exercise folder to new exercise.

2. In this exercise you will redo the Graphene exercise 4 but this time 

uncomment the following options:

│├── create_your_own_folders

Tutorial #2: Reciprocal Space k-grid convergence



Y=1 Y=2

Y=3 Y=4

Y 0 0

0 Y 0

0 0 1

Tutorial #2: Reciprocal Space k-grid convergence



OBJECTIVES

Tests different mixing strategies

• Mixing methods

• Adjust weight

• History

Check different systems

• Simple molecule

• More challenging metal cluster

Tutorial #3: SCF convergence



siesta/scf_convergence

├── 01-CH4/ 

INPUTS FOLDER

siesta/ 

├── exercise_day3_scf/

OUTPUTS FOLDER

1. Copy all files from input folder to the exercise folder.

2. In this exercise you will scan three keywords:

│├── create_your_own_folders

• SCF.mix density

• SCF.mixer.method linear
• SCF.mixer.weight 0.6

{ density | hamiltonian }

{ linear | Pulay | Broyden }

{ 0 | 0.1 | 0.2 | … | 1 }

0: New DM is the same as in the previous step

1: New DM is totally different from the previos step

comment:

#MaxSCFIterations 50

Add these lines in the input file

Tutorial #3: SCF convergence



Mixing HamiltonianMixing Density Matrix

Tutorial #3: SCF convergence



Thank you

Questions?
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